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ABSTIACT 

rhiu papar ovtliaaa tba curraat atata of kaovladga 
abovt bow iatallactoal coapttaaea ia acqairad. laiplicatioat raaoltiag 
froa racaat chaagaa ia tha psycbology of laaraiag aad davalenMat ara 
bagiaaiag to ravitalisa tha aciaaca of laaraiag aad iaatmctioa. Pour 
broad topica iUaatrata tha liaka batwaaa iaatnictioaal axpariaaata, 
foadaaaatal raaaarch oa laaraiag aad thiakiag, aad potaatial 
applicatioaa to tha aciaaca of iaatroctioa: (1) nadarataadiag aatural 
laagoaga; (2) laaraiag to road; (3) davalopiag aatbaMtical 
coapataacai aad (4) problaa aolviag, iatalligaaca, aad laaraiag 
abilitiaa. Major thaaaa aaargiag fraa raaaarch ia laagnaga procaaaiag 
iadicata that prior kaovladga ia aaaaatial ia coaatmctiag aaaaiag 
for a aaw tast aad that tha coaatroctioa of aaaaiag caatrally 
iavolvaa iafaraaca. Two aaia thaaaa ia raadiag raaaarch ara 
aaphaaisadt (1) tha activa iatarplay batvaaa aspactatioaa aad tha 
▼iaaal atiaali of priatad varda; aad (2) tha caatral rola of 
antaaatic procaaaaa of ward racagaitioa. Spacial problaaa ariaa whaa 
aaalysiag aathaaatica aa a daaaia of cogaitioa aad laaraiag, 
iadudiag orgaaisiag tehaaata, racogaisiag paraiataat aad ayataaatic 
arrora, aad liakiag ayabola aad thair rafaraata. lacaat work in 
problaa aolviag ia focaaad oa parforaaaca ia iaforaatioa-rich 
doaaiaa. Thara baa baaa coaaidarabla affort ia racaat yaara to 
raaaalysa tba coaatroeta of iatalligaaca aad aptitodaa ia tarat of 
cogaitiva procaaaaa aad coaatracta, iadodiag aatacogaitiva ikilXa. 
Oiractioaa for fartbar raaaarch ara aoggaatad. (UO) 
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COGNITION AND 
INSTRUCTION: RECENT 
THEORIES OF HUMAN 
COMPETENCE 



Introduction 

My KOfll in thi5 essay is to sketch the curreni state of knowle(l(;e 
about how intellectual competence is acquired and to su(;iiest 
directions (or future research, especially research that promises to im- 
prove instruction. My task is more complex and more exciting than it 
would have been 10 years ago because the psychology ol learning and 
development has in that time undergone a profound change. In the past 
decade, a number of the assumptions that had guided research on 
learning have been called into (|uestion, and a vigorous new "cognitive 
science** has taken hold. The implications of this change for conceptions 
of lunnan mental functioning arc vast and the possibilities for a revi- 
talized science of learniuK and instruction are just begimiing to be re- 
alized. 

• Until 10 or 15 years ago, psychologists interested in the nature and 
ac(|oisition of intellectual competence were faced with some unpalat- 
able choices. One set of psychological tbeories-^tbose in the associa- 

Mw fv%mvU fr|Mirlt(l hereifi su|»|K»flt'«l hy Hit* l eHrmiig Kejicnfili nml iH-vol 
(i|Mm*nl ' cnlcf, liiiHk'd in pari «s « roM-flfdi «imI «lrvrl<»|»iiH'nl icnlrr by \\w NiiIhmwiI 
liHhtiilr III hliKiilMHi (NIK). lH»|»nrliiH'Ml of hliMnlioii \Uv o|iiiii(»ii^ rJi|)r«*M«Ml do not 
mMoiHflnly rrll(M I IIk* {n»!(iIm»i or )N»lMy ol NIK. iiiui tio ofdctnl fiKlffMi'incitt should In* 
iidfrrod 
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lioiiisl find hehnviorist trnilituuis— (>llrnMl a ri^dnuis experiiiieiitiil i^p- 
pnini h ami an active lomerii not only lor the nature ol chaiijjes in 
perlorniaiue hut also lor the means lo nilhience chanije These theories 
proviileil a siroiif^ basis lor stiulymi^ and preserihing interventions and 
were attractive to those who wanted to have an impact on instruction 
and education. Rut the associatiomsts and hehaviurists had little to say 
about the nature ol thought processes or the (|uestions ol structure, 
orgam/ation. and meaning in leariimg In their insistence that overt 
behavior was the only proper object ol scientilic study and their attempt 
lo reiluce thought to collections ol associations, these psychologists 
offered no theoretically sensible way ol dealing with (|uestions ol un- 
derstanding and provided little wisdom concerning the nature of intel- 
lectual competence or the role ol structure and meaning in learning. 

On the other hand, structuralist theories (those of Piaget and the 
(iestalt psychologists, for example), which did treat mental life as real 
and important, and which offered strong theories about the role ol 
slructureil knowledge and meaning in intellectual competence, had very 
weak theories of ac(|uisition Ami they had even less guidance to offer 
on how to intervene in ac(|uisitioii. Despite elegant examples ol the 
kinds of instructional goals that might be promoted, neither Piagetian 
nor (ieslaltist analyses proceeded very far in specilying goals for in- 
struction m anything like the rigorous detail that learning theorists 
offereil for the associations or behaviors to be fostered by instruction. 
Kurlherinore, the relative silence, at least for Piagetians, un (|uestions 
ol instruction was lurther heightened by a kind ol inistrust ol interven- 
tion that was inherent in biologically oriented developmental theories 
((f Kesnick, IWIa) Psychologists thus were laced with a choice Ik?- 
Iween (a) theories that were centrally com erned with changes and how 
to prfHuote them, but fundamentally unconcerned with thinking and 
meaning ami (b) theories that were centrally concerned with structures 
of thiuking and with understanding, but very vague about mechanisms 
of m(|uisition and disinterested in or even mistrustlul of instruction. 

Ke( ent developments in cognitive psychology oiler a new set ol 
perspectives on this troubling diclioloniy. The heart of cognitive psy- 
chology is the centrality given to the liuinan mind and the treatment ol 
thtfikmg processes as concrete phenomena that can be studied scien- 
tifically. Researchers in various hram lies ol psychology have lound 
common ground .n the study ol cogiiilioti, and they have been joined 
f)y computer scientists, linguists, and philosophers to form a new cog- 
nitive science research coninuinity. This new interest in cognition has 
resulted in (a) a flourishing ol research on complex lorms ol knowledge 
and skill, (b) a convergence on son>e key |>oints between experimental 
and structuralist tradition in psychology, and (c) the development ol a 
variety of new n)etltods ol research and hirins of theorizing that are 
gradually developing a new scientilic method specilically suited to the 
study ol human mental hmctioning 
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One of the most iiuportnnt (k vrlopnuMits iii coifiiitivt sruMicc has 
Ihhmi the gnuhifil roiistniction of new wnys of hiikiiik,' kiiowlnlk,^' and 
perfornifinre. IVoress tluMiries of cognitive fiiiu tioiiing provide precise 
statements of how th^ knowledk^e that people possess permits them to 
perforin in certiiin ways on certnin kinds of tasks The interest in pro- 
cesses of thought has led to the refinement of methods that trace se- 
(juential steps in thinking' These methods incUide recording patterns 
of reaction tunes for stinuili or tasks of diffetent complexity, tracking 
eye nioveinents as siihjects read texts or solve visually presented prob- 
lems, and using "think-aloiid" protocols in which subjects solve proh- 
lems while verhalizing what is going through their minds as they work 
Decaitse think-aloud methods seem to share features of the long-dis- 
credited introspective methods of psychology, they have evoked a cer- 
tain degree of skepticism. Careful methodological work (eg., Ericsson 
& Simon, 1981) has cstal)lished the limits and powers of these metluKls. 

Study of the relations between processes and content of thought 
is further stimulated and strengthened by the active enagagement of 
psycliologists with computer scientists, especially those interested in 
the study and devclupment of artificial intcMigence. Viewing the com- 
puter as a metaphor for the human mind has stimulated cognitive psy- 
chology, allowing for more intentional and goal-driven processes than 
the older image of the mind as a switchboard, which was so neatly 
compatible with associationist theories. Tlowever, the real power has 
come not from the general metaphor, but rathf*r from the use of com- 
puter programs as detailed simulations of human thinking and. thus, as 
a way of both energizing and disciplining cognitive theory. When com- 
puter programs behave as humans do— making similar mistakes, 
pausing at similar points, expressing confusion over the same issues — 
it is reasonable to assume that the internal processes of the human and 
the computer are similar, and researchers can treat the programs' vis- 
ible processes as a theory of the invisible processes of humans 

hiitially applied to limited forms of prohlem solving task perfor- 
mance (Newell & Simon, 1972), computer simulation as a fonn of psy- 
chological theory has subse(|uently been extended to a wide variety of 
tasks and domains, and more recent work provides complex models of 
how knowledge is structured and accessed in addition to the proce- 
dures and heuristics used in manipulating it. Hiis use of computer 
programs as models of human thinking has been enhanced by important 
shifts within artificial intelligence itself (l)ehn & Schank, I9H2) Artihcial 
intelligence researchers, finding that truly complex forms of thinking 
depend on optimally structured knowledge and heuristic rather than 
exhaustive forms of searching this knowledge, are turning more and 
more to studies of human intelligence to inform their efforts to build 
intelligent machines. In this emerging field of c<»gnitive science, it is not 
always easy to tell who is a psychologist and who is an artificial intel- 
ligence simiahsl. 
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In addition to having an interest ni thtnkni^ and rerognizin^ the 
central role of stnictiired knowledge in the process of thought, the 
modern cognitive science converges with structuralist traditions in psy- 
chology in rejecting the long-held tubitla rasa assittnptions of American 
psychology in favor of what can best he called a imstnntwist assump- 
tion. In associationism there wcis no way to unagme knowledge entering 
a human's mind except from the outside Objects could be perceived, 
ass(Kialions between events noted, and mental bonds gradually built! 
These bonds were, it was assumed although often not directly dis- 
cussed, direct reflections of the external information to which one Wcis 
exposed To learn was to build up more and more of these records and 
to make them more quickly accessible. Hut to leiirn was not to construct 
new associations and relationships through purely mental activity. 

Today's cognitive science, by contrast, gives a central place to 
organizing structures and thus provides Ihe terms in which theories of 
how individuals build new relationships can be developed. Knowledge 
is no longer viewed as a reflection of what has l)een given from the 
outside, it is a personal construction in which the individual imposes 
meaning by r/lating bits of knowledge and experience to some organ- 
izing schemata. This constructivist view in cognitive science is not iden- 
tical to Piagetian constructivism, but it is close enough in spirit that 
iwychologists who a decade ago could find little ground for serious 
debate can now successfully respond to and build upon eiich others* 
work. One result has l)een a rejoining of forces by certain groups of 
developmental and ex|)eriniental psychologists who had for some de- 
Cfides diverged in their interests. 

I will illustrate and elaborate all of these trends and the research 
meth(Kls on which they are based in the course of this chapter. I will 
also stress another important characteristic of recent cognitive re- 
search—that is the extent to which it is lK)th relevant to and driven by 
c|u??stions concerning instruction and ne deliberate modification of 
human competence. Partly because cognitive scientists are seeking 
complex and "ecologically valid" domains of human intellectual func- 
tioning in which to develop their theories, and partly because of a drive 
toward socially relevant applications of their work, cognitive psychol- 
ogists are devoting substantial effort to research on the kinds of tasks 
thai are studied in school or other educational institutions. 

IJoth the nature of competence in sucli domains and its acquisition 
are increasingly central (|uestions in ttnlay's research. Instructional ex- 
|>eriments, when conducted so as to reveal details of the learning pro- 
cess, are a valuable t(K)l in research on processes of ac(|uisition, and 
these experiments further tighten the links Ijetweeu fundamental re- 
search on learning aitd thinking and |K)tential applications to a science 
of instrnction T{» illustrate all of tills, I will build my chapter around 
lour broad topics; understanding written and spoken language; learning 
to read; developing mathematical competence; and the nature of 
O \Mein solving, inlelllgence, and learning abilities. Tliese are all do- 
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mains iii which tlie i'()iiveri{i*ii( c of liasir and applied research on 
luinian cognition is highly evident and in which many of tlie iiietliml- 
ological tools and theoretical issues of current (ognitivc scieiue can 
l)e displayed. 



I will foviis first on liow people iinderstaiul tliat most complex of human 
intellectual productions, language This (juestion has captured the at- 
tention of some of the world s hest psychologists, linguists, and com- 
(uiter scientists over the last 15 years, and the result of their work is a 
rich t>ody of knowledge and theory alMUit how people understand what 
they read or what other |K*o|)le tell them 

Contrary to certain older views, cognitive scientists now agree that 
tlie process of understanding language is not one of ahsorhiiig and 
recording what is written or said Katlier, in (Ins process the message 
is used to huild up a representation in one's mind of the situation to 
which the message refers This representation is simultaneously selec- 
tive and elaborative with respect to the message It does not exaitly 
match the message. Kather, some things that thie message says are left 
out, and some other information that the message left out is put in The 
mental representation is elalKirated hy the reader or listener to include 
things not stated explicitly but necessary to make sense of the message 
hiforniation tliat the receiver construes as not being crucial to the 
meaning is left out of the receiver s mental representation This prmess 
of constructing representations based on messages highlights a central 
feature of natural language understanding. Kxcept iii s|)ecial circiiin- 
stam es, it is not the message itself that is represented, but its reference. 
iVopie use language to refer to sDmethiiig external to the language 
itself, and the processes of language interpretation are all aimed at 
understinulmg that external sitiiaticm. Knowledge of linguistic ctmven- 
tions as such, while crucial to the process of understanding, is normally 
employed to aid understanding of the reference situation rather than 
as an end in itself. 

Tlie processes hy which the referential meaning of a message is 
constructed by a reader or listener have been a central concern of 
cognitive scientists interested in natural language understanding. Two 
mdjor themes emerge (rtun this work First, prior knowledge is essential 
in constructing meaning for a new text. Second, the construction of 
meaning is (me that centrally involves inference. 

The Role of Pmn Kfutwlcdfte m CanstrtiUinif fieprescntattons 
Schemata in hanf^iiafiv l^rfn essmii 

An example from a now classic ex|)eriment in cognitive psychology is 
the l>ost way to demonstrate the im|K)rtance of prior knowledge in 
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iiiulerstandini; a text Read the text iii the fc»llowiiiif paragraph, hut do 
tuit IcNik aiiead to h>;iire I as yoii do sci 

If the halliNUis |k»p|kmI the simmmI wouUIm t In* dblc to tarry 
situe evfrythiiii; would Ih* Iin) far away from the corrf*ct fhMir A 
(htsed window would also prevent the ^oinid from larrymi^. sime 
t\uts\ l)iiilchni!s tend to Ih* well inMd.it(*d Siiue the whole ot>eration 
de|)eiids ii|M»n a steadv flow of elet tru ity. a lireak m (he middle uf 
the wire would also cause |irolileiiis Of loiirse, tlie lellow coiikl 
shout hut the luiiiiaii voiie is not Iducl nioiii^h to c any (hat far An 
(idditioiial piohleiu is (hot a s(riiit( loiild hreak the instrument Ihen 
(here loiiki \ye no acionipaniinen( (o (lie iiiessat^e It is ilear (hat 
(he Ih*s( sidiahon would involve less ilislaiice Then (here would 
Ik* lewer |H)(en(ial prohlenis Willi f.ue \n face roii(ai(. (lie least 
niiinher ul (hiiii{s icuil'J wroni^ (Hransford & Johnson. 
\\)72. p 7I«>) 

Didess readers know ol the Braiisford and Johnson (1972) experiment 
and tints reineinl)er what t)ie text is alKiut. virtually everyone reading 
this text has the experience of not understanding. The text seems gar- 
bled and senseless Now lcK)k at Figure 1; it tells you. via a pictorial 
illustration, what the text is alK)ut Alter seeing this serenade picture, 
most |>eople experience a sense of insight concerning the text. They 
are ready (o say, "Now I understand " Tlie framework provided by the 
picture provides a "scaffolding" for interpreting the text, 

Ti;*> text in this study was a particularly ambiguous one. deliber- 
ately chosen to show that prior knowledge alxnit the reference situation 
is crucial in understanding a text. Yet ne same phenomenon has been 
observed in far less extreme situations as well Hints provided in ad- 
vance by the experimenfer or the reader s own background have l)een 
shown to make a difference in what the reader iimlerstands m a text 
For example, (Mie study (Anderson. Reynolds. Jk liallert. A (;oet7. 1977) 
shows that nuisic students interpret the following passase as a descrip- 
tion of an evening of playing clianil>er music, whereas physical educa- 
tion students interpret it as a 5Jory alKnit an evening (if card playing 
This kind of study shows clearly that the background knowledge and 
interfiretivc schemata that readers bring wdli (hem to a text make a 
dillerence in what they understand the text to Ix- saying 

Kvery Sadirday nigh(. four giNHl frteiids ge( logedier When 
ferry. Mike, and Va\ arrived. Karen was si((iiig in her living rtNini 
writing some notes She (|ltukly gathered (he cards and s((kkJ up 
(o gri*e( her friends a( (he dtnir TlR'y followeil her in(o (he living- 
nH)Mi. bu( as usual (liey coiildn t agree on exaidy what (o play 
Jerry evenfiially (cNik a 5(dnd and set things up Finally, (hey began 
(<i play Karen'^ recorder filled (lie r<Hiin wKh soft and pleasant 
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FIgurf 1. Appro|ini)lr ((Mitral (or •inihii{iMHis textual passage Reprinted 
mi Hraiisf(»r(l ami Johnsdii ( 1*1/^) hy |>eiiinssion 



fiiit^u f arly in the •*V(Miiiit{. Mike iMitit ed Pnt's hntul and ttie nidiiy 
(liani(iti(ls As the iii^lit t>n>i(resse(l. leiii|Ni t>( |il.«y imreased 
f-iiially. a hill itt IIh* at tivities iK iiirred Takiiit{ advaiitai^e ti( this. 
Jerry |Nitidered the arratit^eimMit in ktitit oi tiiin Mike iiiterriipteil 
Jerry's reverie and said. Ket's tn'ar ttie s« i»re " They listened care- 
hilly and uittiiiietttttl tin their perlnrttwim e When tite lotnnients 
were all lieiird, exhausted l«it ha|)py. Kiiren s IrieiMis went home 
(Anilerstm. KeyiHilds.Sikillert. & Oiet/. I!i77.p m) 



\h'itum%UnlUfm \)w%e kiiNis. hn^Hlier wMh mmty imffe Uffuml 

,mi fite ;wcl Uf Mtf rr|rrH jifw iM^flafirr^ ami evenlj* m IImf^*' 
AffliialNmA Vie M Iveniafla ile m rdip < U%m^ i4 ntUutiunt^ ^rtf) »|<pnfy flir 
rHaflfoM^ l>eflwefn olijrf l» anil pvi-nU Thr iipcT tfic evpMl<» ami oh- 
jrrK vary m« MMlfMfi Uf parlM nlar c t>iffl Hie rHahmt.^ <»|jr( ifirci 
m a Mic»re f{pf»er«i) ^n^frcMia Mil) tuM ami are ii»ed lo inlerpref Hie < a5>e 

al haiwl Stheiiiala re^ull ifttm a nffmilalMm oi prmt lear g awf ejj- 

j)rr>eiw e Tliey are ne< e»»ary H m»e t% to nmfyteltrfui new verlial iiia- 
flenal, amf flfiH a flliey are fmpfirflafif flo all learniinff flhafl depeiMh im verlial 
|>re^MflaflMmA Um m liema bavd view MrKlerMandrng pien Um k to 
early work m eiipc'rmienflal ps^c ImiI^ji^ fiy |}arf leflfl ( lfl32)* wliiih jilMmed 
Hiafl wfieM a le^if wa» recalled, element were (Mrflecl iff higfihgliled 
minnUu^ in a fhrerlMfij mflerpreflfve Mfiema .Vfiemafla «l ih^ kiml 
given varMin^ lalieU (<MM'h a5» 'Vripl^r ^ramej»r "fwrrwify organi^aflMm 
im krl<*l are al Hie rore «if all tifUUrml inflelli${ence modeH ik laiii(fiai;e 
(iiMler^faiMfiiiK (jiee f>ehn A Srliank, lfl»2,,Vhank A Afiel<*on, Ifli77, Un 
Hi.^ iiMNm of ffiefie fifiiifH) 

III Hk' wreiimie example, cfynjiMler wival niiglifl have happened to 
profliH e ffie miUa\ failnre In nn^lerjifan^l and the ^infm'^fiienf m^im: iH 
niMieriilarNlinpi wiHiofif dilficiilfy. U t% mH Hfe w^ird^^ <W H>e fleiH ifl.<ieH 
Ifial priwliH e Hie diHn nlfly. F.ngli^t lani{iiai{e rea<ler<i ran afllaih meaning 
Uf e##i li word, a^wl every j^nlen* e i* graminalN afly cfirrer f In lac I, read 
liy il^ll, ea< li Aenflenre 151 nnder»flandalyle Tlie prijlilem if€€Uf% wlien 
Hie reader Irie* In make Ihe milmcei* lifl flf]»geHier in a r ^iherenfl wlwife, 
l'air» ol aflfareiifl ^nflenr e^ i»eem In have iw/r<ynnerflMyn to iine ftmfUm 
ihnr Hie rcynfexf iA Hie jierenaile » kmnvn, Iwiwever, Hie reader ran 
inter Hie f onner li^vni^ and the pa5»»age make» <ien^ 

Wilh flhi» simple analy»i», I have alrea^^K MienJdied !»everal elemenlji 
iA Ihe \mfce^ f4 nn<ler»famling KeMlerji and h^lenef^i nwwl arcf^n 
pfe^unff^fy ^hjted kmiwle^lge alj^ynl Hie meaning in^hvidiial wwd*, 
Hiry n»fi^l »tte Hwif fcn<ywley|ge iA *yn<arl>f rnle^ aiwl r ^if9venlion<i and 
Hie wwW <o !^en^il]>fy r^imverl phraiM*!^ atuf ^ilente^ in lite ieni inio 
pfiffnmlunn Mnml a ^ilnalMDn.an^l Hiey mmi link H»e pr^^iftiliwin!* inio 
a fcrfiereni reprev^nfaliw)^ a single <iilnali<yn An e?Mellefil ^le^ riplH^ 
iA Hie vari#>vn kiwb pfine^^ttfft m tmiy ined In r^i^nfireliefMl a le)il 
111 given Ijy IWHli On pff»:») IWlelli %hfw<^ IM rven in a<^igiiing 
meAmtifi Uf imlivnhial wordji ami m»iy/m% v^nleme^i info .^en^ihle 
pfif(nf%tium% Mnmt ihe WfffM (tnAh fnmei^f^ iitftf |)f^>reed largely an- 
UifvmUi i»iiy wiilMyiil r^yn^M^k^K eiUftt or allenlM^fiK prior kOfywledge 
fitnftft Hie relerem e ^lil^iali^nn ami Hie c^ivrvenf Miim iA fangnage play a 
pnwverhrl r^ile Aller Hie pr^if)tfi»ilN'in!^ ire ^levef^iped. i^lier pro<ew^ 
anri kmi*vle<lge are n^l lo link Hiem iiifo itnAfemA frffte^ niifiufti iA 
Hie feietetn e !Nhiaf Kin lor ^ te%i 
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InlereiHV ami t olmviui* lUiiUhn^ in l/mlersfandififflAinifua^e 

All rMtiifAl ImifiimMf ummnumMufm «irr iiHiiniplefr brrai vr they d<i 
iNil <i|iri ify rverylliiiiK hInujI Ibr relerenre .^ifiiafi«ifi fliaf is needed 
a I oiiiplrlr t%m\ t nlierefif rrpre^nlafiiin To \nuM a aiherenf rrprejkw- 
lalion, rracters or liiilriiers muM use tlieir knimleclge to infer links lie- 
Iween iiHlividiial pro|if>ftihims in a lexl ami to pf«ivide a Iramework in 
wliic li to inlrrpret sfienlic iiiformafHin supplied in the irnt The w<irfc 
ol KhiIm h ami variDpfk ( VJ7H} ami flieir (olleagifes is the rmysf e^ifen- 
sively devpl«9|>ed llie<iry ol llie pr<Ness ol lifiikliifg i«iherenie I use an 
example liased on Kiiilsilf ( VJVJ} to illijsfrafe 

Tlie briel text pa^^a^ie that IoIIitws IIiis iiaragraph is broken down 
info numerous proptrsifions These pro|NisififMfs are flie elementary 
pieces of iiflormaftoii cofiveyed .Sentences may c<intain one or more 
prop<isitMin« A text is said to fje knally colierent to the el^tent that 
each new proposftum makes expficil relererMe to recently stated prfor 
pr«ipositiofis. Prf^^itMin se<|uences 1-4 arnl S-ll are lully coherent 
because llie actor in each pr<iposifion has already been named This 
means that these segments are coherent within tliemselves. However* 
five two parts are not coherent il the se<|iiences are joined* because 
pr«if9osition S is not explicitly linked to its predecessors To understand 
this tent the reader must inler a propi>silHin that will link proposition 
5 to its predecessors Such a pfifp$mtHm miglit lie 'H'lie ^azi tribe 
liad warriors " 



Vf^ Swft/i lol)e wm al war with a m^ii^ftMntn^ IoIjt fmMt%t 
*il a fli^pufi* ffvrf Mfffw i allle AnifttHi w^rr^^^ were two tm- 
rmftmi men named lUkra ^ml hi% yimtti^rt ImHIirr («fim Kakra 
¥fi»% killed m Mile 

f*ntp^t%iti(tnat amity %t% (tf h*%l 

1 Tlie Sw#izi folie yn^ts M w^r 

2 The w#»r ^tts m%U a iiei|(filifrrMH( rnlf#' 
1 The war Im«I 4i»%f%^ 

4 The fiWrte w*#s <• di^mte wer VHiie c #if fir 

ft There were warrN#rs 

ft The warrNjvs were two nm 

M 
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7 Hie men were unniarrinl 

H The mrn were named Kakra ami Cnmi 

9 (kjm was the y«Minger f»r(»flier ril Kakra 

10 Kakra was killed 

1 1 The killing was in a haffle (see Kmfsch. I!I79) 



In extensive research on tlie prciresses of building local coherence, 
Kintsih and vanDfjk and Iheir colleagues have sho%im thai features of 
the text, such as the number ol missing propositions and the distance 
iv the text ttiat must be traversed to find explicit links, affect how long 
it takes to read the text and how esL%y it is to understand the text. 
Kintsch and vanOijk's theory accfiunts Un a large body of such findings. 
This theory assumes— as do otfier modern information processing 
models— that human capacity for holding information in immediate 
(wfirking) memory and for operating on this information is limited. For 
this reason, one cannot imagine that in the process of building a rep- 
resentation of a text, all propositions that have been read are brought 
into working memory every time a search for coherence is made, fn- 
stead, tlie tfieory assumes that reading and representation-building 
fxTiir in cyckes, wliere each cycle represents an attempt to link one or 
more new (just read) propositions to the representati<in already built. 
Because of working fnerm^ry limitations, not a\\ of the representation 
can be held in working memory— and therefore be searched— on a 
given cycle. 

The ease or difficulty of comprehending and the time that com- 
prehension takes depends, therefore, on whether the particular part of 
the representation retained in working memory f>r in a given cycle 
contains a reference to which the next proposition can be linked. If not, 
a new choice of propositions will have to he made, which produces 
time delays and at least temptfrary liesitafion and confusion, tmmedi- 
ately preceding propositicms from tite text are always likely to be in 
working menniry, and this acciMinfs in part kir the fact that when links 
can tie created between adjacent prop«isitions, comprehension pro- 
ceeds nNife smoothly llian wlien links must be cre^ed with proposi- 
tifins stated some time earlier Kor nwire distant (earlier) propositions, 
ease of compreliensiim will depend on whether the choice of proposi- 
tions to retain in working memf>ry lias lieen felicitous. This depends, in 
turn, on tlie extent to which the text provides clues as to what infor- 
mation IS most imiNirtaiit ami the extent to which llie reader or listener 
is adept at using titese < hies This lirings me to the important question 
of how people know, ami Imiw texts signal, wliat is most important in a 
verfial message 
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Mm npslnictures ami t'rametmrks fur Interprelation 

must written texts, readers tend to ai^ree lairly well <in wliith s' de- 
ments are im|w»rtaiit ik ceiilral and vrliicli <mes are subordinate. >^r- 
haps Inm tMKiing only as elalioralMHis Meyer ( I97S) has useil this reg- 
ularity to devekn> a metlMid oT coding the statements in a |>assage kir 
l!ie>f relative centrality, oilier less systematic ways of judging < eiitrality 
have dl<Mi lieeii flevelofied Dsing measures of this kind, it has Ijeen 
p«^sit)le to sIh»w tliat tfie material most Hkely to lie liKgotten or left 
(Hft o« a summary is llie material lowest m the hierarchy of importance. 
I inversely, if material higli in tlie hierarchy is not specified in the text. 
pe<i|)le will have triMihIr interpreting tlie text at all. will tend to insert 
missmg high level priip^isituHis m tlieir summaries, and will spend a 
hmg time stiidyiiig the piirtMMi of tlie passage wliere the high level or- 
ganizing material is expected to be (Kieras, 1977) Also, wlien asked 
wliether a given statement was or was not present in tlie text, people 
are likely to asM»rt with great confidence that highly central material 
(liat IS cirtisonant with the mam theme of the text was tliere— even when 
it was not ^^^^ _ . 

Voss and his colleagues (Chiesi. Spilich. & Voss. 1979; Spilich. 
Vesonder. Chiesi. A Voss. 1979) have shown that readers alwlity to make 
inferences depends upon what they already know about the topic of the 
text Finally, several studies have shown that more ompetent readers 
are better able than weaker readers to detect the hierarchy of impor- 
tainre in a text, picking out not only the main idea but also layers of 
supporting argument and detail (Meyer. 19M) I have already shown 
tliat km/'ving what a text is about plays a role in understanding it. 
However, in ordinary reading— unlike tlie serenade example— the nee- 
essary information about the theme of a text iS not provided externally 
by a picture, but rather must itself be inferred in the course of reading. 

In the process of successful comprehension, readers not only build 
up local coherences lielween propositions but also devekip a represen- 
tation of the of the message. A gist representation incliKles only tlie 
most important information given in the text, details are dropped <Hit. 
But tlie gist representation is ni>l just a string of important individual 
elements. It is itself organized so that tliese elements make sense with 
respect to one another. Kinlsch and vanDijk have called these gist struc- 
tures "macrostructures." to distinguish them from the • microstruc- 
tures" that are constructed as individual proptjsitions that are related 
to one another. They have elal>«>rated a ttieory of liow macrostructures 
are created by the reader, who uses special operators to pick out and 
combine elements of microslructure This can successfully be dcmc only 
wlien appropriate schemata already in the readers* (or listeners') long- 
term memories are found and applied 

MacriiStructure representations are built up gradually in the course 
of reading or listening. If the initial macrostructure provides a sensible 
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framew(>rk lor Ihe enlire Irxl. Ilieii llie niiii nislriK lurf will l>e elalKir* 
ated aiKf refined biil rMit essenlially iiHMlilied in ||ie i mirse tti iiiMler* 
standim; Sofnetinies. htiwever. Ilie Ir.iniewfirk llial lias l>een ^\»i\ttni 
lext iiiterprelation liirns <Hit In be in<i|>fini|)riate as iiMire <il Hie lex! is 
read w lieard Tlie Iribal war slnry .illiiws me In ilinsirale Ihis point 
and also lo emphasize again llie ceiilral and nmliiple r<iles llial prior 
knciwledf^ p\ays in iinderslandiiiic any verlwl (niiiiiiiiinralion Kor Ihe 
pari of ftie siory analyzed Ifitis far (pro|>osiiifin<i I II), ihe lau roslnic* 
tiire fliat is constructed cfHicerns trikd war The iiiilial senlem e wcNild 
surely evoke such a tlieme nmJ siilisef|ii(-nl sep|(*iHes do mtt disliirb 
such an interpretation. Hiwever. Ihe ac liial Irxl In mii wIim h llie excerpt 
IS drawn iii fact i(oes off in an<illier direi linn Ihe nexl senlence is 
"Accordiiii{ to iril>al ciislom. Kakra w.is niarried siiliie(|iienlly |<i Hie 
woman Ami/* A proposilional hreakdnwii of Ihis senleiu e w<iiild include 
Ihe pr(9positions sh<iwn in Ihe Ifillowiiig piirai^raph 



ProptfMtiffnat analysts iif lexl 

12 Kakra was married 

13 Tlie marriage was aller K^kra was killnl 

14 The mamai(e was li> a woomk 

15 Die woman was namril Ann 

16 The marriage was in auovH wtih inlMl nMinm (see 
Kinls<>h. 1979) 



II IS easy lo find Ihe links ihal in«ike lliesr pro|><isi|i(ins colierent 
al a microievei It is not even <hllMiill, il only inidolevel cnfierence 
were in (|iiestion. to link it lo Hie pre<edinf( re|irrseiilalion Only a 
c<Hiple of propositions back ll»er(- is relen-m v \u \\w «m lor in llie lirst 
new proposition, Kakra This, however, uifiiiol lie a lull nwHlel nf how 
liiimaas iinderstainl a lext. lor nil readers Miiinedialely reKignue an 
aiH)inaly and refuse llie simple hiik.ige «il Hie prn|N>silifMial level How 
can Kakra. wIh> has Ijeeii killed iii»w Iw inarneir I henries <il \%\\{\ef' 
slaiMliiiK 1^ al)le lo explain Imw simIi aimiiMlies are rec<»i;ni2ed 
All such Hienries Iwise Hie recogiiiiinii nii pnnr s< liPiiia like kiuiwledge: 
People have a schema Inr killing Ihal prcnhN es an aiilniiMlic inference 
Hint Kakra is dead, people have a si lieina Inr iii«irri«ige ihal re(|iiires 
Ihnt hiisliamis lie alive This means Ihal Kakra caiiiHtl fill (he huslnind 
slot in Ihe marriage M heina. sn a liilly i nhereni represeiilalion ol Hie 
lext cannot l>e IhmH wilhoiil liirlhrr inlormalmn 

There is in fad aiiolher schein«i ilial. il available, would solve Ihe 
prfiblein llie schema < <)iic<*riis ghi »sl marriage, a UiImI ciislnin in which 
Hie ohiest son ol a lannly who dies wilhniil heirs is siibsegiieiiHy mar- 
^ •(! Willi his ycNinger brnllier hiking his place imlil an heir is prinhiced 
/ .^ImisI marriage schema wniihl provide a shil. iml Inr a live hiisliand. 
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IhiI (or a (lead man <tfi(l a Y(iiiii&*<*r lirndier K.ikra ran fill (lie (kM<t iiians 
skil.Giim (lie ycmiiger lirotlier s. and now a rfpresentahon cotiereiil at 
a macrolevel of infer|iretatioM can Im* ronslriK U*d Tins new re|>resen- 
lahon will alMi contain a new c amiidate for (lie organizuig theine tA tlie 
story: It now appears that a siiinin«ry of die st(»ry (night to iiKliKle a 
ghcKit niarriai{e. ainl it inii^lit well ik* tfiat as die text (CHitiniied. tlie 
theme of tril>al war woiihl disa|»|>ear at die niacn»stnictiire level in favor 
of the custom of ^\uts\ marriage 

I have fiH'iised here on a partii iilar example ami on one tlieory of 
how text representations are Iniilt Many other investtgatcH'S tiave ex* 
plored how high-level orgaiii/ing information— diat is. macrostnic- 
tiires — controls and snpiMirts die pnness of roniprelieiuhng a text A 
particularly well'develo|K*d dcHnain for tins researcfi has lK*en story 
understanding .Several investigations (see Stem & Tral)asso. lllKii) have 
shown that there is a prohitypirai strut tore of narratives tfiat rs used 
|jy people to interpret stories The ideali/ed st«iry. ifi effect a schema 
of a story, organi/es and (hrerts peoples' interaction wdh die |Mrtic ular 
story tliey are reading or liearmg Hie story sdiema spec ifies the fy|x*s 
of information that shtnild t)e presented and the ty|)es tA logical rela* 
lionships that shcnild link die story elements Several categories of in* 
formation must occur m order a setting, an initiating event, an internal 
response, an attempt to ol)tain a goal, an outC(Hiie or conser|iience. and 
a react If m 

Some of the categories in this structure are more central than 
others This is shown hy siilistantial regularities in the p<irti<iiis of sto- 
nes that people omit and the portions they add when asked to retell 
stories they have heard Initiating events, attempts to achieve a goal, 
and consequences are nearly always included. Suit other categories, 
especially internal cognitive responses of the characters, are likely to 
be omitted (Mandler. 1978; Mandler & Jolinson. 1977. Stem A (;ienn. 
1979; Ttiorndyke. 1977). Slory comprehension and recall are als<i sen* 
sitive to the order in which categfiries of inforniatKm are presented 
People have difficulty recalling stories when inforinaticm is given m an 
order other than that specified in the idealized story schema, and they 
tend to recall story information in IV order predicted l)y the schema 
even when the text from which they learn the story uses a nonstandard 
order. 

Recent research (see Klainmer A Kintsch. 1982) suggests that die 
semantic content, rather than pist form or placement of the mformaticm 
within the story, may l>e determining recall Attempts to enlarge re- 
search on story underHhiudmg lifyond the simple demonstratHui of 
slory schemata (s<inietimes called "story grammars*') have been leading 
psychologists increasingly to study the specific kinds of social knowl* 
edge held by children of different ages and stages of develo|>nifnt. The 
newest research on story understanding suggests that widely shared 
knowledge alNiiit goals, plans, actions, (Mitconies. and motives (eg., 
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V<«s, if)84) IS at the lieart of story tinderslaiMlint; TralMsso.Secn). and 
van den Broek (lUW). ior exnmple, present evidence thai knowledge 
alKMit physical and |)syclM)l<)gual causality plays a central rule in un- 
derstandint{ stories The relative weitjlits and p^issihle interactions be- 
tween this kind of general knowledge o{ the world and knowledge of 
rhetorical structures such as slory grammars is a t<ipic of much deflate 
in the field today. 

One of the features i>f the Kintsch and vanf)ijk theory fust cnitlined 
IS that the processing of texts is assumed to \ye more or less se(|iienlial, 
that is, people build up their representation of (he reference situation 
of the text bit by hit, as tliey go alcHig. This means that the process of 
interpretation is continuous Pec^ple do n<it hold pieces of uninterpreted 
text in mind for a period of time and then later reflect on its meaning. 
Another important line of research on reading that has used quite dif- 
ferent methods of study confirms this se<|uentiality. Just and Carpenter 
have Uvr a numlier of years been stiKlymg reading, using eye-movement 
records as iheir basic data. They have constructed a nrKxIet (a computer 
simulation program) of the reading process rfhibadeau, Just. & Car- 
penter, in press) that accounts for the patterns of eye movements ob- 
served m stibfects while reading This model. RRAOKR, processes the 
text in a largely word-by-word fashion As it encounters each new word, 
it finds the meaning of the word and more or less simultaneously uses 
schemata and related semantic processing mechanisms to build up a 
representation to tiiat point. It does not. in other words, delay inter- 
pretation until a whole phrase or sentence has been read Furthermore, 
it builds lis representation using a combination of expectations for what 
should appear nexl based on the c<Mitext and the information actually 
in the printed text 

Tliere is a striking degree of convergence between the different 
kinds of available evidence ff>r how people understand written texts It 
appears hrst that what is done automatically can also be done con- 
sciously, that is. some portions of think-alcHid protcxrols produce se- 
quences of steps that are not very different from those of automatic 
processing, in which people make successive links between sentences 
and store up partial interpretations as they g<i. However, ^hen difficul- 
ties are encountered in the ctMirse of reading, skilled readers seem to 
use conscious processes to resoive the problem. In the time-course 
studies of reading, these are the points at which very long delays occur, 
and the protocol analysis studies provide a good sense of what is hap- 
pening at those points of delay. At these times, there is a considerable 
amount of looking back, of reconstru< tiiig. and of forming or accessing 
new s< hemas Un interpretation. Thus, the studies that focus on auto- 
matic processing and those that focus on conscious processing reveal 
similarities that seem to create a plausible account of the reading 
process. 
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Learning to Read 



Research cm rea^lini;, cofislriiecl as a prfness oi iiiterprehni( printed 
symlxils, has a relahvely Icmi^ history in psyclK^kM^y. Srientiltc research 
im the psych<)l(»t(y iA rea<hng l)egan a( leas! a century ago with the work 
of Caeiell (1880) (Hher early scholars incltKled Huey (hM)8/l%8) arnl 
Biiswell (1920) Fueled in part \yy its obvious relevarRe to a central 
ediicatiofial task of scIkn^Is, research on reading Itas continued in an 
almost unbroken line. MiK'h of this research was stimulated by and 
played a role tn a long-standing (Seliate over ways to teach reading: a 
word recognition empfuisis versus a contextual nneaning emphasis, di- 
rect instruction in tlie graphenie-plKmeme mappings of alpfwif^etic tan- 
giiages (i e MMi phonics) versus focusing on wfirds as vistial wholes. 

In this chapter, I c(msider these pedagogical deflates only indi- 
rectly, concentrating instead on a Ixnly of cognitive research that sets 
the debates in a somewliat new light. I develop two main fliernes: (a) 
the active interplay between expectatiofis for wliat will appear in a text 
and the visual stimuli of printed words — that is the interactKKi of iffff- 
down and hfpttom up processes in reading, and (b) the central role of 
automatic—that is. very fast and nonconsc ions— processes of word rec- 
ognition. Both the top-down/lxittom up interaction and the automatkity 
of processing are also important aspects of many other cognitive skills. 
Thus, in cmtsidering tlie process of learning to read, I am in fact ad- 
dressing issues that are central in much research on the nature of 
cognitive skill 

Interaction of Top Down and fioftom lJp PrrKesses in Readmif 

The description of Just and Carpenter's RfiADFR nrKxtel text pro- 
cessing has already intrcnhiced tlie rnKion that there is an interactKHi 
between expectations for what will appear in a text— expectati<Mis 
l)a$ed on the representatioii of the text's meaning built to date— and 
the actual words that appear in the text. Similar interactions between 
expectations and actual stimuli <<cur in the act of recognizing wfnrds 
as well as in interpreting them To the extent that expectations for wtiat 
ought to appear drive the process of word recognition, reading is con- 
sidered to be a top-down process To the extent that the printed sym- 
lx)ls drive the word recognitioti prcx^ess, cognitive scientists speak of 
reading as a lx)ttom-up process. 

In a purely bottom-up view of reading, lower level processes (le.. 
detecting features of letters, combining features into letters, and com- 
bining letters into words) are assumed to cx^cur prior to and indepen- 
dent of higher level prcn esses. First words are recognized, then a syn- 
t<ictic prcH-essing occurs, and finally a semantic interpretation is made 
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liased on Hie senleni e syntax KiirlliernMire. Ihese prmesses are con- 
trolled entirely ]iy the printed input. Word recognition precedes com- 
preliensNHi of meaning. By contriist, in a purely top-df)wn coiR-eplion 
of readhig, liiglier level processes, such as miiking inferences alMMJt 
meaning, are asst«nied to control the system, and lower level pri>cesses 
arc called intf> play only as tliey are needed. Hypf>tlieses about the 
meaning of tlie text are generated from prior kiM>wledge of the topic, 
knowledge of the specific textual context, and a minimal syntactic 
parsing and sampling of visual cues Tlien the printed text is used to 
CfHifirm or disconhrni tlie hypotlieses According to an extreme top- 
ikmu view, comprehensim of meaning precedes recognition of words, 
aiMl complete en<'f>ding of sefMrate words may not occur at all (cf. 
Freileriksen. I?>7!». 

There is ample evidence that InAU tfyp-down and lx>ltom<up pro- 
cesses are involved in reading EvKlein e of the influence of semantic 
cfmtext awl fprUn knowledge — lop-dfiwn effects— includes the following 
km\% of pfienomena. Oral reading errors, even in y<Ming readers, tend 
lo l>e semantically and syntactically appff>priate to tlie content; long 
liesitatM>ns or mi>readirvgs occur at points in texts where there are 
syntactic or semantk anomalies; pei>f>ie are faster at prorunincing a 
word in cfintext than when the same word appears in isolation, and 
they are faster at pronouncing words wlien the preceding context is 
ccHigrtKHis with the word than when it is incongriKHiS; word recognition 
is als<> faster when the semantic '-alegf^ry to which the word t)elongs 
has been presented in advance (e.g., ptirakeet is recognized (aster after 
the word bird than after the word mammal). Finally, letters can be 
discriminated nKwre quickly in the context of a word than in isolation 
or in an arfntrary string of letters. (Resnit k, lOHlb). There has been less 
effort experimentally to establish the reality al boltom-up effects In 
word recf>gnition, because rt seems self evident that people must be 
paying sonf»e attention !o actual features at the printed $t$mam as tney 
read, else the process cotild not properly be called reading. 

Recent research on the nature of reading hss focused rrot on 
whether lx>ttf»m-up fir top-ckmn prin essing predominates, but rather, 
on how the two kinds of prricesses interact to produce both wfird rec- 
ognitifMi and comprehension of a written text Riimelhart and Mc- 
Clelland ( IfWl ) have devek>ped an influential interactive mockl f>f wmd 
rerf>gnitifHi In this itkkW. brHh features of the written %vords and ex- 
pectatKHis alxHit meaning cause " af tivaticm" in the brain The two 
so4irces of activatifm ti»gether« thriMigti a cf implex system of interaitHin. 
eventually ftetermine what wf>rd will lie 'seen * by tlie reader. 

Aatf^matiary 

The interactive model of word recfignitKin offers an explanation f>f how 
^ automatic processing of printed worckt miglii occiw, ft is not an 
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acciflent that psyvUo\im\%\% have been seeking to acroiiiit for < oiiiplfx 
cognition in terms o( prcKesses that <io not (1(*|r*imI entirely on con 
scious. planned mental ac tivity. One must assiiine that nun h pr<M esMiifl 
is automatic not only l>ecanse pec;file cannot always correctly re|iorl 
titeir prcxressing, IhjI also liecause there must l>e coni|>eiisatioii for hu- 
mans* limited active meiiNiry capacity. 

Hie limited capacity of human working memory is prohalily the 
earliest fact that emerged frcmi llie l>eginnings of cfignitive |isyclM)logy. 
In a seminal work. Miller ( Itl56) suggested that aciults have <ifily seven 
"slots" (plus or minus two) for iNilding informalKHi in working memory, 
which is wliere active, planned prm-essing must (Kciir. This mtum ot 
a limited capacity for iiiformatiiMi processing is central to all cognitive 
science. PsyclK)lirgists are no longer certain lliat slots in memory is the 
IjesI way to descrilie capac ity limitations^ or tlial there is any reality to 
tlie numlier 7 t 2 as tlie capacity of working memory. Nevertlieless, 
all cognitive scientists agree llial there is s<ime conipiiling work thai 
has \o go on for tlKnighl to proceed, that the capacity f<if (kiing this is 
limited, and that this can create a lx>ttleneck. That is, if tcxi much 
cat>acity is devoted to any one component of a complex learning task, 
llien other components will suffer. 

I>espile this limited prcMresstng capacity, people are aMe to perform 
complicated tasks How? Tiiere are two major mechanisms tliat allow 
people to overcome menM?ry capacity imitations, (a) Certain compo- 
nents ol a task become automated so thai they require very little direct 
attention and tlierefore use up little working capacity, and (b) infor- 
mation IS "chunked*' so that each slot m wwkirig memory is filled with 
a cluster of related knowledge. The role of automatic prcKfssing in 
facilitating complex performances has been investigated most heavily 
in the context of acquiring i>asic reading skills. A growing research 
literature that contrasts g<>od and pcx^r readers at various stages oi 
development is identifying particular components of reading skill that 
distinguish the contrasting skill groups. A consistent finding in this re- 
search is that people wlio read poorly (i e , who score poorly m stan- 
dardized reading compretieiiskin tests) also are generally slower at ret- 
ogniring words. It is speed, rather than ac curacy of word recognition, 
that seems to be important. Some indtvkkiab apparently have large 
reci>gnitK)n vocalxilaries and adeffiiate word reco^ition skilb as kmg 
fts they are permitted iiNlelmite amoimts ol time to process each word, 
but they seem to proceed so slowly that they cannot elfectivefy under- 
stand what they are tryir>g to read. 

in the interactive theories cil reading such as those fust examined, 
timing is often crticial. for several sources of information must be in- 
regrated and thus must be present m working memory at the same time. 
MenK»ry capacity is als(» crucial. Processes that fake up li>o much 
working memory capacity or too much direct altenliofi may drrve mil 
the other processes that are needed to provide all ol the necessary 
^ Jkwm^km simulfaneoueily to ttie system Automation ot the word rec- 
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ognilton component ol reading may lie necensary Ixith for f|uii'k and 
timely processing ol meanmg and lor reducing the working memory 
demands thai allow reading to proceed smoothly 

Establishing a correlation t^tween antomatic word recognition and 
comprehension skill does not ol itsell explain how automaticity is ac- 
quired, nor does it necessarily mean that automatic reci>gnition causes 
the development of comprehension skill. To the contrary, practice in 
reading and comprehending texts might be the cause ol improved au- 
tomaticity, or automaticity and comprehension skill might both depend 
on some other, as yet unidentilied, process. A recent longitudinal study 
helps to limit the possibilities. Lesgold and Resnick (1983) louiid that 
children in the first grade who have large automaticity problems are 
very likely to have dilliculties in comprehension a year or two later. 
Early comprehension dilliculty, however, does not predict later auto- 
maticity dilliculties. This asymmetric relationship allows researchers to 
reject the possibility that comprehension ski causes automaticity and 
suggests thai automaticity difficulties may indeed be helping to cause 
difficulties in learning to comprehend written texts. 

tf aulomatlcify is a prerequisite lor acquiring comprehension skill, 
then it should be the case that training in automaticity of word recog- 
nttkyn would produce improved comprehension. Does it? in one stu<^ 
(Fleisher A Jenkins, 1978) it was found that even though speeded prac- 
lice can significantly increase speed of recognizing isolated words, there 
is no immediate transfer to comprehension. This means that compre- 
hension skill is not ready and waiting to be "released" by improved 
word recognition automaticity. However, the processes of acquiring 
comprehension skill may nevertheless be enhanced by increased rec- 
ognitKin speed. If that is the case, the effects on comprehension per- 
formance would be visible only after some delay, during which time 
reading comprehension was practiced. Psychologists do not yet know 
the long-term effects of training in fast word recognition. Furthermore, 
training tliat focuses only on speed, rattier than on aspects of word 
analysis lielieved to function in highly skilled reading performance, may 
dellect learners' attention from the very features of words that allow 
Uff auhmiated access to meaning. A current research program (Fred- 
eriksen. Warren, A Rosebery, in press) is pursuing the hypothesis that 
training adolescents with very poor reading skills to quickly recognize 
frequently recurring spelling patterns will improve their general reading 
performance These patterns ar-? the building blocks of words and ac- 
cording to some theorists (e g., Venezky A Massaro, W79| are the units 
in reading that correspond directly lo meaning. 



Developing Matfaematical Competence 

When we turn to other domains of intellectiial competence, many of 
^-"^f same themes as h«ve been noted for rwfural language undetsl^ 
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again emerge as central. Consider malhemalics. Understanding fnath- 
emalics, like understanding natural language, requires that pecvple have 
a certain number of partic ularly powerful Khemata that are used as 
prototypes to interpret specific expressions and situations. Furtfier. in- 
ference processes are central in both learning mathematics and in 
solving mathematical problems, just as they are in readmg and writing 
natural language texts. 

In the case of mathematics, liowever, there is a special problem of 
linking symbols to their referents. Like natural language texts, mathe- 
matical expressions and mathematical procedures have both a syntax 
and a semantics. Thai is, they obey rules of "weit-formedness" that are 
equivalent to the grammar of sentences or the rhetorical structures that 
constrain the more global forms of texts. In mathematics, as in formal 
logic, there arc complex rule systems lor manipulating expressions that 
ensure that new expressions constructed in the course of solving prob- 
lems or performing algorillims will be syntactically correct. So much 
attention is paid to these syntactic properties of mathematics in the 
ordinary course of teaching and learning mathematics that people 
sometimes treat mathematical expressions as if they were nothing but 
strings ol syntactically well-formed symbols. 

But mathematical expressions also have a semantics^they refer 
to something external to themselves. These mathematical referents are 
quantities and relations, and it is these quantities and relations that are 
in fact manipulated when one performs operations with mathematical 
^bols. People rarely, if ever, think about natural language sentences 
as if they were simply sets of syntactically well-structured character 
strings. Instead, people treat language automatically as a way of refer- 
ring lo an external situation. In mathematics, by contrast, people some- 
limes treat mathematical expressions as if they were divorced from any 
referent, and this causes difficulty in learning mathematics kir many 
people. At the same time, to be skilled in mathematical thinking requires 
that the person be abte to manipulate the symbol system fluently. There 
is thus a special set of problems that arise when one analyses mathe- 
matics as a domain of cognition and learning. 

ImpUcil Undersianding of Malhemalical Frmaples 

I begin with evidence of the role that organizing schemata have in 
mathematics learning. There is growing evidence that chiMren, and 
uneducated adulu as well, possess considerably more knowledge of 
certain mathematical principles than is habitually ascribed to them. 
This understanding is evident mosli4ypfcaUy in the kinds of informal 
arithmetic methods that they use. When such methods have not been 
taught, either formally in school or infairmally in the culture* they can 
be used ta infer the kind of underlying understanding that people have 
of mathematical principles. Herbert Ginsburg and his colkeafues (Gins- 
burg, 1977. 1983, Houlihan « Ginsburg, IWI) used a variety of interview 
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melluKJs to diKiimenl a wide rniige of luinierM «il problem-solving pro- 
cedures thai are used Ir/ young t hiklreii and l^y ndiills in iinschmiled 
culliires who have nol had formal inslriirhoii in specific arilhnielic 
routines. Similar kinds (if iiivenled priKediires have also been docu- 
mented by other investigators using Inljorntory meth(xJs of research. 

Invented counting procedures The earliest and apparently most 
fre(|uent way that y(Hjiig children solve aritliiiietic problems il they have 
not inemorized the answer is to use some form of counting. This may 
Ixf "c(Ninting in tlie head. ' rather tlian overt counting of physical ob- 
jects, as has fieen demonstrated in a niiinlxfr of studies of mental ad- 
dition and subtraction Groeii and Parkman's (1972) research is tt^e 
point of reference for work on simple mental calculation. They tested 
a family of process models for singie-digit addition. All of the models 
assumed that a "counter. in tlie head" could be set initially at any 
number, then incremented a given ntiniber of times, and finally "read 
<ml" (see Figure 2) The specific UHxiels differed in where the counter 
was set initially and in the number of increments-by-one required to 
calculate tlie sum. For example, the counter can be set initially at zero. 
Ilie first addend counted in by increments of one. and then the second 
addend counted in by increments of one. If one assumes that each 
increment needs about the same amount of time to count, then 
someone doing mental calculation this way ought to show a pattern of 
reaction times in which time varies as a function of tlie sum of the two 
addends. This has become known as the .%um model of mental addition. 

A somewhat more efficient procedure begins by setting the counter 
at llie first addend and then counting in the second addend by incre- 
ments of one In this case— assuming tliat the time for setting the 
c(njnter is the same regardless of where it is set— reaction times would 
be a function of the size of the second addend A still more efficient 
prwedure starts by setting the counter at the larger of the two addends. 



8«l counter 
to a 




Exit wHh 



counter 



Increment 
count 9r 
by one 



FffafC 2. Srheinatic model lor mental counting in anihmeJic AdaPtefJ 
ffiim C;roen and Parkman ( 1972) by permissNin 
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re^iirdless c>( wlicllier il is IhrlirMdr tlir HrccHNLiiiicI ihfii iiu rrnieiiliiiK 
liy Hie smaller Obvunisly, this r(*(|tiirrA frwrr iiu rt^incnl.s li<*cniise thi5 
proct^iire prcKltices readUHi times lluil are a tunc licin o\ \\w si/e ol the 
niimintim addend, il has (xHcnne knc^wii «is Ihr mifi uuh\v\ 

(iroen and Parkman evaluated these mculets (alcMiK with some 
others that were logk ally |K>ssil>le but psycholcygually iinplaiisiIHe) hy 
coiiiparrng the predicted nnd observed patterns o) reaction times lor 
each model. Tliey loMnd that the reaction tnnes of children as ycHing 
as hrst-graders lit tlie predictions lor the mm prcn edure Figure '.\ shows 
a characteristic data lot. Note that problems with a minimune addend 
ol 4 cluster together and take hniger than problems witli a mminiuni 
addend of X and so on Subsequently, the prevalence of tlie rntn m«Kiel 
has l)een conlirmed in studies that have extended l)olh the range of 
problems and the children studied from tlK>se aged 4V^or so to th(»se 
aged9or l()(Groen& Kesnick« l977«Svens<m & Kroi|utst, l975«Svenson 
& Hedeiiborg, 1979, Svenson, Hedentxirg, & Kingman, 1976). 

Counting models tiave als<7 l>een applied to other simple arithmetic 
tasks, especially sul^traction (Svens4»n et a!., 1976; Wciods. Kesmck. & 
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ample 70.90 means 7 f 0, 9 « 0 ihtts iiMtfCdlc average reaclum limes f<ir 
ad<iing each pair of niimtirrs 
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mum mmO^ mi0$iififimg flhr eriMMf^ wrv flhr ^e»dl i*e mmim 
(fttit mmmind) and fHvew 4&€f(fm(w$mft by <wr i» lnw^ a» md^ 

ji« Air ^MMiN^ ^fhtfm^ mm/lbief^ maht mfcmet^ m$d the torjjfr 
mmiiftf femhtA 7hc mmtief (4 mefemtm^ fibew \m«iMI he read a» 
Plir < i m» i» € y Kesxtmrn Ume^ for Umi^ iwrremefilMg moxM H^e a 

fwrm fbe mi wwgrwl and ^ralmd Ini a porfircilariy elicit pvi^e- 
d^e. fhf0ee, tj^het fhe dwre»nen#inf or Pbe MAcrfinen«inf pror^ i» 
MiHI 9fW MM/ar fm«». defMn^idlnf «|pnn nftnrh fef$me4 krtm on 
f9i«^ f fiMnler Uemt9(m ^mm% wwM bt> a fmttmm f4 Hbr jnnalfey ol the 

MTMl primary 

*f Niril fMdrw mwm0t m IHr 9ftmd^fifi^% me the ^raiigM 

ft i» aiWafi rieiAy M$4M0e tmnD/^en pttvte^^ $cirh a» miw and 
f fciwfe k* f>er)f»«r enl#e#jr fMW flhr hum, f4 *enr rearfirin fjwMr pmtetm 
for re^MMi. il i» M^l^nrfaM «f> ai^ 

l*a# pr>met!i> fcy fhe reaA«y f)« menKaf r iwMlirMf yt^e^e^ ^)Wrrali^ 
ftMw? e^MMlmg M ^i0e^ for airMllir>w by ^everaf m9e^$^kif$% 
(e$. €arpen««r, Weftert. 4 Mwier, rw(»<(w. Stellr. Ihemupmm, 
A Kcterefe, |ll»2>^«Mg|M AeeMnTing pres«imed im Hb«9e mr)dM^ 
i» r\irtttermr>re. $Meiw*w and Rtcm^ f II975> in«emew«d il»ir 
aAi^ fimed and found t«td« on aUxMl bad ol fhe 
^c^hlifrins^ eftidArew re|^r>rted emniting-iipt f^oiw Aite iiarg^ ntmMber ^by 
om^ «>r m larger (iniiH>^ 

fmenfetfH finf^fmpmg pro^ed^e^ Ihe exit^feviiee prwK^^. par- 
ftri«liir1iy \>PeHi-teamed mimfter /brj^ i» rtie b«S4i» for anc^ev cJa«* o# 
inv4^r^ prrirwftnre* emi^fccMuair ifwr r^<wH>ittic ()i^anri(i». Typ^ 
irally. amrinf ymuig elMidirew and uns^brM^ied airtiii^. nr>f a<l mimher 
fiarftt are er|iia4ly kt^mm thi^ mwMHnnif «ma4^ dumibar^ are 
berrer icnnumi tf^an^ tIMvte inMf>IS>inif <we*. per^^l^ tend fo* kwiw 
acMHon^ ftart^s- befPw tnt^rarl^irwi fawrH. and mr>re people knmvt ^cr- 
Min pnvilhpfd rype* k/eH e*wihie!i, ifir*!te inw»lvmir rhe adainnni i 
or 2. prw^iWy !hr«e inMf><vin<r adH^rir^n- or ^ihrf<»rfir>n of S, and. for 
olrtHf fhild^' and rerfain fitinir^ rhrM«e ftRt-^ invr>ivtni^ and ini»l^ 
rip4i»!« ol5 1^11 A person whi^ cjmitWiK eanily ir<^ifieve .I - S - J^t att an* 
addihoni ferP mi^hr retjfoup' i|J»e proMem- Pr^ rake ads^anra^e ol a lrnr>w» 
dbiihteS' fetr and woiild iiVve f 1^ :n 2 rh c ii<rt»r«??i rhar i«e 

a dh'imciii nr^ion and r oun?in«f ^yiivw. rei^rotipinif ptttrernn oft^env fake 
iperjal ad^raite oT me dHrtmal <fri«t nwre PWe lii an example, f ow- 
pletir mth a f hararMhr^nr^r ^nrrv^r. I ^ an inn?fview snidy of l^e dHwrt^ 
O inenr ol dk^imd numlber nndhrHiandlnir 



t Htm dbd ffm hptfe 0 

SfHnrfimes regrnupirvg aro^iiivd priirilefed i»iimber facf> and 
rinifitNif «rr roffibined For mjnifile. ReMntl: and Cummon (m preM) 
harp iis«d react f09»-f ime mrftiadft fo documenl a procedure thai snme 
cfNMrm iiM fo add a onr-d»fil mimlirr lo a fvpo^difff numter The 
procedure it called mm o/ $he $mm lyecaiise ivhen people use if. fheir 
palfem ol reacfmo fime» n a fwocfmo ol fhe smaller ol Itie two umu^ 
dffrtf' Ni five rmibm fo lie added The person mmg tfw iMlhod de- 
composes the two-digrt numher mio a fens component and a units 
c o ny o nenf, then recominnrs the fens componeni «Hlb ffhrliem ol the 
two unils difpis IS larfer Themenlalcoimfer issel tolhisrecons(M«^^ 
niumt>er and the smaller urafs digit is counted m increments o4 ofit For 
example, lor 23 ^ 9. the counter ««oiild be set al 29 and then mere- 
mented 3 times to a som ol 32 The regrouping ol niMbers to take 
advantage ol irell-hnmm iMimber facts is also characfenstit ol people 
irho are exceptionally gnod at ccmfiticafed mental arithmetic (eg^mnf- 
tiplying)c howrner. such mdhnduab have a much tnder store ol welP 
learned, prmteged facts and show much more Aexibiliff m regro^pmg 
^fo me dhie facts than do young chddren or umchnnled adults. 

U09dtfUatHi$ng $mplHt9 m $nv€nk^d pfO€€dufe% Research ol the 
kmds |MSt desc ritjed has mm established that people use a considerable 
mriety ol mvenled antlimetic strategies A concomitant step has been 
fo show^ ttvrouf^ p<pf)fopriate analyses, the hmdi of understanding of 
mathematical principles that underhe these mventiorw Tlie first sys- 
tell^atlc effort along these lines appeared m Oelman and Oallisfef's 
( I97S> smrft on the nature ol tinm^mg competence m very young ctnl- 
dren They used a numbet ol aspects ol presctioof children's perlrir 
manre Uf establish the fact iliat the children know unplicitly'-alfliough 
they are unable to vertmli/e—hve prmcgiles 

• The one kMme principle Eaih item m an M$wf must be fagged 
with one and only fme iirmiiie fag 

# The liable order prmriple Rie fag^i used must lie ^ttm from a 
Mably ordered list 

^ Tlnf t9W0 i^mihf **m9mwm 400m >»IWI^ ol htm$ <Si^ d lo irr «aM 

Iky f >» niMw lis »aitr 11^ am (Sta* ^^rfp'^fii* low" «w iMahfft«*a iy iai»«aiM 

liKi^ ^iKtHl^tttt ^tff0^lt!^ilf^l^^ Hnftlifi^J^^^ I^^MflHStflM^Blft flMi ^Birtl^ 

o 



• Ttir rardinal principle Tlie lust fag used fur a |>arlicular count 
rrpresenls the cardifial numlier «»f the array 

• Tlir atj>fracli(in principle Any set <il items may be collected to- 
gether lor a count 

• The order- irrelevance principle The order in whn h items in a set 
are fagged is irrelevant 

Ckeeno. Riley, and Gelman ( VJM } have descriljed ilie ciNmting (Kin- 
cipirs afi a lorm «il amceplual ampetence tliat can lje inlerre<f Irom 
Ihe perUfrmame compeience that children exhibit on a range of 
counting tasks. Perlormance competent les are granted when a child 
can assemble a set ol procedures that produce a perlormance that 
adheres to the conceptual principles Conceptual competeiK e is m«»sf 
clearly revealed when a new variant of a procedure must he invented 
For example, ivhen )he children in Gelman's study were given an arr^y 
ol f4ifects to count and told to "make this one (an obfec t m the middle 
ol a straight' line array) number one" or 'make this one (the olifecf in 
the normally lirst counted position in the array) numlier three." Ilie 
cluldren adjusted the '^der m which they touched the oli|ects but not 
the order in %rliich they said the mimliers, and they still touched eai h 
otifect imly once These chiklren thus clearly demonstrated command 
of llie order-irrelevance principle, ilie s;alile'<Kder principle, and Ihe 
fine- to-one principle 

i>)ta and analyses ol this kind make it possible to articulate the 
presence ol implicit knowledge and hence circumvent the need to have 
peijfile slate their knowledge before granting them an understanding of 
principles. The role fjf conceptual understanding that is implicit in in- 
vented procedures is also revealed in work done by Necties ( 1981; also 
Resmck A Nechi». ISMl In this work Neches attempted to provide a 
formal account trf the way ttiat cfnUkest invent the min addition pro- 
cedure (described earlier) of counting on irom the larger of the two 
addends Neches has constructed a computer simulation program that 
begins by ciMiting up both addends (essenliall)r the sum procedure); 
it then modifies itself so tliat alter a mtaiixr of triab. it performs the 
mm procedure of counting on Irom the larger number To do this, the 
program must "discover^ that setting the coimter to a number will 
ahrays yield tlie same thing as c^iunting tfie €jbtect% specilied by a 
numher (ai Umn ii4 ipiantity conservation)^ and that it drjes not matter 
wfMcfi number is set m tfie counter md nvhicti is added in (a lorm of 
commutatnmty). 

Meches's program makes these discoveries by continually in- 
sprcling ils own perlormance and applymg a small set ol procedure* 
dian^Mig heuristics Although the Imal version of the program cannol 
be said to Imow^ almut commulatnnty in the sense of explaining it.it 
behaves aaiif il understood conmutallvity. and it does so on the Imm 
of Its own knowtedge construction without having been "tofd" almul 
CMnnMaffviiy Nechess profram is a plausibfe theory— but not the 
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only possible one (cl. Baroody & Gannon. 1984; Resnkrk. 1983)--tliat 
explains how children miglit invent the min procedure and nirhat un« 
ders^anding it is appropriate to grant them on the basis of thai inven* 

tion. 

Schemata in mathematical problem solving. Anoltier source of ev« 
idence demonstrating the role of implicit knowledge in children's early 
mathematical performances comes from research on how children 
soWe simple arithmetic problems given in story form. Research sn sev- 
eral countries has demonstrated great regularity in the kinds of addition 
and subtraction prot)lems that are hardest lo solve (Carpenter A Moser. 
1982; Nesher. 1982. Vergnaud. 1982). Several analyses of this cumulative 
body of data have converged on an explanation of these regularities 
that attributes to children an understanding of ttie principle that math- 
ematicians call the "additive composition of number." This principle 
maintains that numliers are composed of other numbers, that ttie 
number 7. lor example, is not only the cardinality of ttie set tlut one 
can count by tagging objects up to 7, but also a composition of I and 
6. 2 and 5. and so forth (Resnick. 1983). In the analyses of story prob- 
lems, additive composition is attributed to ctiildrM in the form of a 
part^whole schema (Figure 4). The scfiema specifies ttiat any quantity 
(ttie whole) can be partitioned into the parts as long as ttie comiiined 
parts neither exceed nor fall sliort of the wtiole. By implication, ttie 
parts make up or are inchided in tlie nvtiole. The parl-%vtiole schema 
thus provides an interpretation of number that is quite similar to 1^* 
aget's ( 194I/I9G5) definition of an operational number concept. 

Figure 4 shows how the fundamental part-vrtiole relation underlies 
several classes of story problems as well as numlier sentences. In each 
prol>lem the ivhole is coded as a dot-filled Imt. vrtietfier it is a given 
quantity or tlie unknown quantity. Similarly, each part is uniquely 
coded. The relation between paru and wtwte lor all ttie prolilems. in- 
cluding llie numtier sentences, is stiown in tlie center display. Any liar 
can be omitted and Ums become ttie unknown. Alttiough numt)er sen- 
tences and ttie given words of story problems cannot tie mapped di- 
rectly onto one anotlier (Nesher k Teubal. 1975). each can be mapped 
directly onto a more abstract part-wliole representation such as the 
bars shown here. The part-whole sctiema tlms provides an interpreth^ 
structure that can permit tfie ctiild either to solve certain more difficult 
profjlems directly by tlie methods of informal arithmetic or to convert 
them into number sentences ttiat can ttien be solved through prcKe^ 
dures taught in sdiool. 

Riley. (jreeno« and Heller ( 1983) have developed a set of compu- 
tational models tliat explain differences in the difficulty of solving cer> 
tain kinds of addition and subtraction stc^ prolilems These models 
suggest tliat it IS the application of the part-%yliole schema that makes 
It possible to solve difricuH classes of story problems that chiklren 
usually camiol solve until their second or third school year These 
^ include set<tiange problems nvith tlie starting set unknown (e g.. "John 

^ ^5r=35 
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1 ] P«tf had lomt m«rbles 

t:^^ 0«VNl brou^f htm S mote m«rble« for fh«ir game 
Now Ptitf htf 7 m»rb»M 
How many m«rbl«t did Peftr h«v^ «( the start 7 



5 » □ • 7 



7 diifdrtn art ikaf tiiq 
S art boyt 
I J How many art girls' 



Sam had5 apples 
Sarah bad 2 
How many Jid they have altogether' 



Carol balltd 7 do<en rookies. 

John ballad 5 donn cookies 

I I How marvy more did Carol bake than Jolm' 

Figure 4. Mappinn iil sifirini aiNt iNimber sentences io a concrete model 
ol Pari-Whole Reprmied frrmi Resntrli ( t1M:i) Ivy permissNm 



had siMiie marhlen MUit.M*l ^ave htm ^ ititirc Now he has 7. How many 
did he have to start?*' ) and varitNit ktndji nf comparison problems (e.g.. 
"John has 4 marbles Mk hael Itas 7 (low many more does Michael have 
than John?**) Ft»r tliese protilems. solution proceeds by mapping the 
statements in Ihe prolilem Io llie slots ol the parl-%rhole schema. The 
numbers tn the problem are assi||iietl Io eitlier part or whole status, 
and this permits tlie imkiitiwn Io l>e c learly identilied as a part or a 
wiMile 

An alternative story jirotilem itNNlel liy Briars and Larkin (1984) 
solves s4Hne ol llie iiHire diflii iilt iirol>tenis by constructing a mental 
script tliat rellects real-world ktMiwIetlge about combining and sepa; 
rating tibjects. ratlier llian alMitrart part-whole relations. The script 
describes Ihe artitNis in llie «tory and alkms the system to keep track 
fif tlie sets and sulisets iiivofved Yet in Briars and Larkin's model, too, 
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it is possible to solve iinkiiown lirst problems only \iy using a part- 
nvhole schema. Both theories sIm)w that scheniacic knowledge alxHit tlie 
reference situatio'is for mathematical problems is essential at even the 
simplest level of problem solving. 

The Pervasiveness of Inference Invented Errors 

Side-by*side with tlie accumulating evidence of implicit understanding 
shown in informal arithmetic performances, there is equally compelling 
evidence of the presence of persistent and systematic errors. In fact, 
documenting systematic errors exhibited in the course f>f learning pro- 
cedures is a major and pervasive feature of recent research on learning. 
These systematic errorlul prcKedures are also invented by learners, ImjI 
unlike those procedures described in the preceding section, these do 
not reflect understanding of mathematical principles. Although system- 
alic errors in arithmetic procedures have been dticumentcd for several 
different parts of the school mathematics curriculum, the two tliat have 
received the most careful analysis liy cognitive scientists are subtrac- 
tion with borrowing and algebra. These two example domains provide 
contrast in detail, IhjI they support each other with respect to the fun- 
damental processes that seem to be involved. 

In their analysis ol subtraction, J. S. Brown and R. R. Burt<in (1978; 
Burton, 1982) have constructed an extensive catalog of incorrect pro- 
cedures that are used by children for written subtraction with bor- 
rowing. These incorrect procedures are variants of the correct ones; 
they are analogous to computer algorithms with "bugs" in tliem and 
have therefore been christened **buggy algorithms/* A finite number of 
bugs, which in various combinations make up several dozen iMiggy al- 
gorithms, have been identified for subtraction. Figure 5 sho%irs a few of 
the most common buggy algorithms identified in this research. 

Tliese examples show that the results of buggy calculations lend 
to "look right": Everything is organized into columns, there is only one 
digit in each column, there are numbers crossed out and small digits 
handwritten in the conventional places, and so forth. Buggy algorithms 
thus look rather sensible and often contain only small departures from 
the correct algorithms. Il appears that the buggy prcKedures are con- 
structed by children when tliey encounter an arithmetic problem for 
which they have an approximate, but incomplete, rule. Rather than 
giving up, these children try to patch and repair the rule so that it 
appears to %vork 

J S. Brown and K. Vanl^ehn ( 1982) have developed a ff>rmal theory, 
in the form of a computer simulation, of the origin of iHigs in arithmetic 
Tlie program invents the same bugs that chiklren do, ImiI not a large 
numt)er of other logically possible i Nies. It thus constitutes a theory ol 
the kinds of knowledge and processes that children use when ttiey 
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1. Sm mt t'fromiM^m. Tht siutfint flubcracii tht VM^hf difit m • column Uom tht 
Ifftf fk9M f tttfiH tw of which out it omo» 

326 S42 
-389 

* i I zit 

2. ■orrowrFrom-ZcPD. \Whtn horrowifif from tf column vvhott top difit if 0. tht Mudtni 
vvritM 0 but doOT not commut b9 rr omm% from tht column to tht Itft of tho 0 

•U2 



3. Botrowy Awoii Zwo. Whtn tht tiudtm nt td i to borrow from • column whott top 
difrt If 0, hf fliipf thai column and borrovvf from tht ntiit ont iNott; Thtibuf muM 
bt oombmtd with tiihtr buf 6 of buf 9.) f 

MM #0.4 
-32 7 -456 
jJr JOlf 

4. S l op t S orrow-At'ZtPO. Tht iludtnt ftilt to dtcr t mtnt 0. tHhobfh ht tddt 10 cor- 
rtctfy to tht top difH of tht tctivo co ly m n (Noft* Thitbuf mu«i bt toi wbi n td with 
tHhtrbutftorbufO.) 

7a3 60.4 

6. 0 - N • N. Whtnt¥tr thtro t« 0 on top« tht di|H on tht bottom n «»ritttn at iho 
709 6009 



.ill. 



0 - N • 0. W htntttf thtrt li 0 on top. Oil writttn tt tht anfwtr. 

604 3050 

*40JL JO JO 

N-0«0. Whtntvtr thtrt nO on tht bottom. 0 It vvrltttriMttitantwtr. 

97 6 61,6 

^302 *409 

Don't •OooMmont-Zito. Whtn b orrowilni from • cohnnn m w^leh tht top difN ii 0, 
Iho WMdon t rtwfi t t i tho 0 ti 10. but dots r«ot chtnft tht 10 to 9 it*m mcrtmontint 
iho tttivo column* ^ 

ioa Mm 

not 

ZtfO*lnM0id4)f *9cffoor. Tho tiudtni wHiot 0 tt tfit wnwtttt in tny cohfum in w4iich 
Iho bottom difH if tifftr than thatop. 

326 642 



10 9ot f w ^«bw» towom tntwod-Of ZoPO. tf tht top difk Mtht .ohirnn babtf borrowad 
from if 0. iha fhidant borrowrt from tha bottom dlfit >«tiitod. iWott:Thltbut mmt bo 
comMnad with aHhar buf 6 or but 6.) 

7 0;i SOM 



yjfv 'Of 

Figure 5. Oesmpllonf and examples oi Hrowtt aihI Hiirlcm's ( Ml7H) 
comrTKHi siiblraclion tNigt Adupled Irotn Kennirk ( \Sm2)Uy iiermtntiMm 



Invent buggy siihtraciion algorilhrnn. Hie repair theory prfigram \% a 
"generate and lest** prohleiti-snlving roitline oi *he kind thai chara<1er 
izes many successful perlormancei in oilier domains (cf. Sirrton. 1976). 
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According to the theory, buggy algorithms anse when the child en- 
counters an arithmetic problem for which his or her current algorithms 
are incomplete or inappropriate. Ttie child, trying to respond, eventually 
reaches an impasse, a situation for which no action is available. At this 
point, the child generates a candidate repair by calling on a list of 
actions to try wlien a standard action cannot l>e used. Tlie repair list 
includes strategies such as performing the action in a different column, 
skipping the action, swapping top and bottom numbers in a column, 
and substituting an operation (such as incrementing for decrementing). 

The outcome generated through this repair process is tlien checked 
by a set of cniics The critics inspect the resulting solution for con- 
formity to some basic criteria such as no empty columns, only one digit 
per column in the answer, only one decrement per column, and the 
like. Note that the generate-and-test problem solution calls on no 
knowledge about the quantities that the numerical symbols represent. 
This is a crucial characteristic of buggy arithmetic, and one that I will 
return to. 

Several researchers (Carry, Lewis. & Bernard. 1980; Davis, I9H3; 
Greeno. 1983; Sleeman, I9R2) have studied the errors (often called mo/- 
ruies) that students make in algebra. When students apply the rules of 
transformation that are the basic tools of algebraic problem solving, 
these investigators have shown (a) that many errors are made by t)e< 
ginners as a result of either incorrect rules or incorrect applicatiiMis of 
correct rules; (b) that these errors persist for a long time, showing up 
occasionally even among expert algebra performers; (c) that there is 
great systematicity in which errors appear in different students (i.e. 
only a small number of the logically possible algebra emm actually 
tend to be made); and (d) that there is, nevertheless, a lack of slaliilily 
in the performance of any given individual (i e.. learners do not always 
apply the same algebra malrtile even in what is. to the expenmenler at 
any rate, the same situation). 

Tlie best developed theory to date that explains lu)w these malrules 
are invented is one by Matz ( 1982). Malz's theory, like the Brown and 
VanLehn theory of subtractkin bugs, is expressed as a simulation pro- 
gram that invents the malrules that were observed in algebra solutions; 
other possible malrules are not invented. Matz proposes that children 
learning algebra construct prototype rules from which they extrapolate 
new rules. Although the results are malrules, iNtth the construction of 
the prototypes and the extrapolation foHow regiilar principles. An ex< 
ample appears in Figure 6. 

Tlie initial rule is the distribution law that is typically taught in a 
tieginning algebra course. From this correct and sfiecific nile. a proto- 
type is created by generalizing over the operator signs. Tliat is, the 
prototype specifies not tliat multiplication ( x )can t)e distributed over 
addition ( > ). but that any operator (□) can l>e distributed over any 
other operator (A). From this prototype, new Imt incorrect distrilHitkin 
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ax(b>c)«(axb)>(axc) 



aa( bAc ) » ( aab)A( aDc ) 



3 IfieorrMt rulM c r— n d from iti« prototype. 

a>(bxc)»(8>b)x(a^c) 
> c = > 

ngyre i. Example of the form«tion c>l an algebra malrule. Based on Matz's 
(l9H2)tlieury 



rules can be cfmstnicted by substituting specific operations lor the 
generalized operators in ttie prototype. Ilie elegance of Matz's model 
does not prove tliat it is a correct tlieory of ttie origin of algebra mat* 
rules In human leamers, but it docs estat)lish the conditions lor an 
ongoing discussion of the nature of malrule invention (see, eg., 
Sieeman, 1982) that is specific about the linoMftedge and processes litcely 
to be involved. Such a discussion is therefore useful both lor under- 
standing difficullies in mathematics learning and Inr explicating general 
principles of cognitive acquisition. 

The prevalence of bu^ algorithms and malnites in mathematical 
learning points to a pervasive feature of human cognitive functioning. 
It is natural to seek meaning and to draw inferences. People will do tliis 
on the iMisis of wtiatever iinowledge they have available— even if it is 
incomplete or incorrect. For this reasim, perfectly gCMxl mferential and 
reasoning pnicesses will sometimes produce emirs. 
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Ufikififi Symhfils and Their Referents 

HuRMy algoritlims and algebra malniles also point to a special difficulty 
tliai must lie overrome wtienever fonnal representational and rule sys- 
tems are part of ilie sul>fect matter to lie learned. Tliis relation between 
formal systems and intuitive or infomi|d giies is most evident in math- 

^ 3o 
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ematics. where specialised itoMimial ^sleim and rules fior manipiK 
lating lHem amount to a new language, complete widi ^ammatkat 
rules, ttiat must be mastered The difficully is that Ibr a language l» 
lunctian appropriately, its granMnar and Ibrmai rules must work i»conK 
cert %^th its relemitial system. In technical terms, ilie syntiaot and the 
semantks of a language ^stem must function together so* rtiaf sen^ 
tences are "weH-fexmetf* (i.e. they obey the grammar of the lanpiagr) 
and at the same time the leieients of tt^ sentences ai«^ clear (i^.. they 
maintain ttie semantics of the language). In natural lanpia^es. ttitsco^ 
ordination of syntax and semantics seems to occur wittiout any special 
work or attention on a human learner's part. In an earlier section of 
this chapter. I discussed models of text comptehension that shew thai 
people leading or listening to a natural language text naturally and quite 
automatically build up a lepiesentation of what the text lefters «o. fti 
mattiematics, syntax and semantics sometimes become separated 

A reconsideration of buggy subtraction can make this point mom 
clearly, r have aireacfy noted that subtraction bugs seem not only to 
respect the syntax of written arithmetic, but also to disobey consO^Nnti^ 
titat would be apparent if the quantity referents wem being kept in mind. 
For example, consider the second bu( bomaw-from-aem. in Figure S. 
At a strictly symbolic level, this pioceduie seems a reasonable response 
to encountering a MTO in ttie coume of borrowing. The kto^ is changed 
to which is a lamiliar result of borrowing when aeios are prtsent. 
Hbwever. the bug violates ttie fundamental principle tttat the total quan* 
tily in the minuend must be conserved during a boirow. Interpreted 
semanlically— that is. in terms of quantities rather than simply manip- 
ulations of symbols— a total of 101) has been added to the minuend, 10 
in the units column, and 90 in ttie tens column, with no compensating 
decrement in the hundreds column. The ne?ft bug. borrow-across-aero, 
shoe's a similar disregard for ttie need to conserve tf)c minuend quan* 
lity. «he bug respects ttte syntactic rules kir symbol manipulation that 
require that a small 'T* be written in the active column and that some 
other (nonzero) column be decremented. The bug violates the conser- 
vation principle, however, by removing 100 from the hundreds column 
but returning only 10 to the units column. 

This infonttal analysis is supported by reexamining Brown's and 
VanLehn's repair theory of the origin of subtraction bugs. The repair 
theory program produces bugs by generating repairs and checking them 
against critics. All of the critics in the program are syntactic in naturr. 
that is. ttiey reflect rules lor syntbol manipulation, but they do not 
emiMKiy any knowledge of principles of quantity. The fact that repair 
theory ma%ches human perlormance by inventing only the bugs that 
chiMren do and mn other logically possible bugs suggests ttiat children 
represent subtraction tt> themselves as sets of rules for transforming 
symbols %vithoul reference to the quantities that these symbt>ls in fact 
are meant to represent. 
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Farrh^ rvidme rhal ^mMs falce ori » life of fhctr own, afMin 
Aroii» fhe q^^iK^m than they reprejenf. comes from » rrammg sfddjr 
((CmMrH A i fmmm m, m press) in wfiich chilcfare^ wbo had been dlaf- 
mmed m alfor^Hm were CauglV the corref f priiiei|>fes ol 

s^Mrarf mn (msi ilncritied (e ^. conserving ^e nMn»ewt qiaMtfi(y> This 
learmnf was dbne m a iorm ifiaf msurect Hiar rhec^ldiren's knowM^ 
ol llie principles was in bet Kniiecl by liiem «a 
1^ were bemf laughf Defatted interviews esTabllsJ^ wiH^ conskter- 
aMe cerramey Sliat some ol the cbikhren had Ibliy ttnderslood Mlie prin- 
ciples and mew applicarinn ft> wnllcn sobrracrion at^jrilfims Never- 
ttiHeas, as 9or>n as retamed to a siiuafion oC rouline calciilanon 
perftormance. of HMe chikftren wlk> understood and could apply 
Hie pnnr iples remmed do i^r buggy algorifhrns. Thar is. iNey did sub^ 
^achon in a way thaf violated principles they clearly knew This rs 
farther evidence of a tsendbncy mHUn malhemalies for Hie sy!iracfic 
sysiem k> become separafted Arom^ irs semantic relerents even when rhe 
necessary knnwledgr of principles is m feicr present in the indlvidte^. 
Similar evidence of this tendency can be ftHind m symbolic logk and 
algebra problem s«ilving. When ilils mafor problem in human cogmbve 
ftmrrmmng is better understood, cognitive scientists may be able ^ 
elimiiiafe it through changed forms >J instmction and reaching. 



rroMein SoMug, Imentgeiice, and Lmiimg AMMics 

Problem solvuig is in a very real sense the birthplace of cognitive sci- 
ence EWorts that beijan in the late 1950s and culminated in 1972 witti 
the publican offMimanPmdiemSoivmg bf Newell and Simon showed 
how inletligent compntter programs could reason and solve problems, 
not by doing the kind of dumb, exhaustive sear<:hing of a very large 
memory that was assumed tc^ be the principal capability of computers, 
but by itsing sirateges to analyse a problem situation and to select 
actions most lll^y m> advance tioward a specified goal. What is more, 
evidence was developed in the course of these efforts to show that the 
behavior n< the programs using these methods matched in significant 
ways the behavior of humans working on similar problems Th.%t is. 
when humans solved ih^ problems, thinking aloud" as they worked, 
they sliowed particular points of hesitation, backtracking, and insight, 
and tlicy made typical kinds of errors Tlie computer programs often 
showed the same kinds of hesitation, backtracking, and errors TIm» 
processes burit inti> Hie programs could therefore be supposed to l)e 
fiincticming in humans as well, altliotigh they could not be directly i>lv 
served in humans. 

Of course, programs never matched human performance exactly, 
and investigators were careful to specify what parts of human perftH" 
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i9KMit6 wtTi^ fiof ivcR cuptoimd by IImc compufef'CiipfCMcd thrones 
Clear idenlffpcJiifMn oi these nrmwalches was a powerM spur fo suc- 
ccsMV sljfcs ol ftS€M€i$ tnd ifvenvy devdufMcni. I haw atrcadif pro- 
wled am cuample' ol hmt a noMialch between a Ihcovy and human 
perfonnance reveab fhe need for a dWfeurd level <d theory m the Kafcra 
and Gmn sfory. The ntkrocoherence-biiiliiiiii modef ol Kinisch and 
VanOi^ would hate accepted Kafcra'^s mamafe alter h«s dealh without 
hesitation, biif hunon readers (who are not thmfcing atMMl ghost mar- 
rvages > nwmed fa atef i^ refect d as iwpojjitdc. This kmd ol nmmatc h made 
it clear that the tmcrocoherence model alone could not account tor 
how people onderslood lexts^ and sugfested that a macrocoherence 
modlef was needed as wei. Noting mu matches and usin g them to direct 
Jbrther research >s characlenslic ol aR ol tlie work that uses computer 
sunolaljon as a form ol theortzmg about human ttMfcmg. 

General HeuriUfcs in FroblemSolcmg 

The early research on problemhsolrmg focused on a set ol puzzfe hte 
tasks we<l-soi«ed to Mwtial elforts The tasks sfudM mchided theorem 
proving m symboik \opc fa task m which alt legal expressions and ai 
aHowable transformalions are speciied and fhe problem-sober must 
show how If IS possible fo derwe a laryet expression Irom a p^em 
expression), crvpcarirhnietic fa decoding puzzle m which fellers ol the 
alphabet stands for di<g^» and a solved amhmetie probtetn sets con^ 
srraifits on winch letters can hm^ which cfigif vafoesX a variety of m- 
tthctal problems (such as ^ Tower ol Hbnoi. or AissionarM 
mbalsK and» fi na l ly , chess WtHi tile exception ol chess, which Ims been 
shown to depemi heamly on exlensifre knowledge ol ches^ positions, 
chess moves, and their ftkdy effects, alt ol the problems sfbdied de- 
pended only m i mtn all y on knowled^ beyond what could be supplied 
m fhe expenmencal siluaf ion iCsell. In these knowledfe-poor task es^ 
vtroiimenfs. cogmtive scienfisrs focased tlvem elforts on idenfdjfing gen- 
erai processes ol problem solving. 

Several sTrafegies ol problem solvmg that could be property called 
general methocH were identihed and eiabora^ m the course ol this 
work, i have already mentioned some ol them: For example, Wve ftm- 
erate and-tesr method is usable whenever rhere is a limited set ol pos- 
sible operators or ob^ecCs that can be rested to see whedier Aiey meet 
a current 9:^11 Another general method, recumng m many problen^ 
solving models, is means^-eiMli analysis, a kind of general heuristic that 
reduces the length ol search thrrmgh long-term memory fo means- 
ends atialysis^. the problem solver compares Hie txvner^ siniation with 
the goal situation and identities speciic diHerences between them. A 
sulsgtMl is then set to redlice a dlifterence that has been identified (A 
special set ol he\iristics ip)vems whkrh subgoal fo work on first. > Then 



a $earcfi is coviducted to find the opcralfjr thai will reduce the KJenlified 
diNerente. This r» a very abbreviated searcti^ because operators are 
assumed lo be orgamzed m memory according to the goals ttiey can 
serve. H is imporlant fo note that means-etids analjrsis assumes a 
system that has mtenCions (goals) and acts on ttiem: It is cafMbte of 
analyzmg its situation and planning its actions on the basis ol goads* 
aibett in a very restricled domain The General PVoblem Solver (GPS) 
was one ol the first programs to instantiate all ol these general mHhods 
in a system thai solved symbols: logic problems (see Ernst A Newdl. 
I%9; Nefvell A Simon. 1972) 

Mofe recent tvorfc m prol>lem solving has, along with the rest of 
cognitive psychology, become much more locused on perfor m ance in 
inlormation'nch domains. Many of the basic strategies of heuristic 
search, suhgoal formation, and the like turned out to be relevant lor 
tiiese dnmains as well. But it has also proiwd necessary to attribute to 
the proMem-Mlver, wfiether hrjman or artificial, specific and organized 
fcnowfed^r about the domain m irtNch protilem solving is to take place. 
Some f4 the best demonstratiom fif the role of organized knowledge m 
problem solving have come m recent research tluit compares novices 
and experts m pliysics as they solve the kinch of prolilems that are 
charactenstical^ given as exercises m college level physics textbooks. 
In these studies* good beg i nn m g students have been compared with 
advwred students or teachers The studies show that one's initial un- 
derstandmg* even of a simple textbook protilem, depends upon one's 
level of knowledge in the held 

In one study (Chi* Feltcyvich, A c;iaser, 1981 ), novices and experts 
wer^ asked to sort pfiysics lexttmok problems on any basrs they wished. 
NmvMres frouped problems on the Imis fit the kind of c^pparatus m- 
volved ( lever, mcbned plane, balara e lieam, etc ), the words used m the 
prrilifem statement, or the visual features of the diagram presented with 
the problem Experts cliMSified the same protilems on the Ijasis of the 
underlying physics prmctple that was needed to solve the problem (e g* 
energy laws. Newtfi«i s Second l^wji Some typical novice classifications 
are sliown m Ffgiire 7. tlie contraslmg expert classifications are shown 
m Figure « Clearly, novices are affi^ted more by ttie way the protilem 
IS presrnt^. whereas experts bring their own knowledge of important 
prtnriplps to lirar m a way tliat reshapes the problem, usually into a 
nwire ii»lv<iMe kirm Dm is much like the way m winch good readers 
i«e ttwtr past knfiwteflge atviut ilte icipic or the form of discourse lo 
•mpfifse a useful sfrurture on a text, vrtwle hegmmng readers are much 
more vm iimi/ed liy poorly written material or indirect Umm of exprev 
sum 

hwiial dilferenres m the ways that experts and novices sort and 
classify problems are only the begi m a ng, liowever, the prc^ess of so- 
kHHin Adisodilierent What novices usuafly do is to translate (he given 
mfrirmatirin directly mlo kwmulas They then worfc on the formulas 
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Flf»re7. Diagrams ol physics prnMimis rate^ixi/rd by iwivk mm trniil^^ 
and samples ol Ihrre novvcfs* cvpUna>iiim frir Iheir simiUnty Repnnled Inim 
nw, Fdfovich. and Olasrr ( I9III ) liy pprmission 




Hfare i. Diagrams fil physics problems rjMegunzed liy evprris as similar, 
and samples ol three experts expbnainins fcir their SMmlanty Rfprun^ Uttm 
Chi FeUimrh. and COatser i M i : by pmntssirin 
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iisinil niles ol altjdWxt^ Experts. t>y ronnr^t do not iv^tn f>y tr ):Uarin(( 
tnro formulas Inprt^earf, they work kvr a while on reinierpr^jnii the 
pi^em and specifying ttievanonn ol^iH*ns and irlaiionR m thesiniaiinn 
dl^rihed: Thiey may draw diatiratiis ti) ^?rpn»ss these relations By (!)r 
rtmr they aieneady tKviml^eqiiat^tMiR, the e^rpertH have v.rnially snlMed: 
the pmhiem. They db^ miirh lesit ralriilahnn ttian novices, ar leasr on 
ttie simple pmhiems tltidied ^ m thm r^fsearch. Kxpem. in olher 
vmmn. conKn^irr * new venir ^ of the pmhiem for ihemRelves. one tftar 
accordit vnNlh the mfhrmanon acnially ifiven. t>iir one thaf is i^ormn^ 
ltit«»d in ttrnnn of i(eneral principles and la%i« rtmr make the solunoiis 
mnm «ippamir 

I ftave lined phynirs rejieairh nr> ilinstrar^ the kinds of dllferences 
that tlave Neen ohnenped in the pmhiem snimnq and r^easoning of no\ - 
icen and e^rperts Rnr these diflemices oci ur m olher domains as \wdl 
Himiliir diftenences have been ^md m ttasks as divenfenr as inierpre- 
tvthnn of phc%(ni|raphs physicians, arithmetic pr^^hlem solving 
hy elementary school chitdien> and economic planning hy political sci- 
enhsfn in each cane the mone estoert problem solver dbes nor simi^y 
mpnnd U% the pmhiem in the terms presented, hiit instead mnterpref^s^ 
It m M^ays that f«»veal an iindertying stnichire that makes r^ie solnhon 
someitmes appear self-evident fhe similarity of this ndormulation pm- 
cess h% the pntcesses involved in reading comprehension descnited 
earlier ts nor an accident It is a hindament^l reflection of the nature of 
himian reasoning and of the constntcnve character of learning and 
Hiinking. 

BottTim-dp h'ocesses in Reasortinq and ProNem So^vmg 

Them an» olher w&y% as well in wlii(*h research on problem solving 
echoes themes that I have already discussed tn tins essay For example, 
both ti)p*down and bntlom^iip processes play a role tn prol)lem solving 
as they do in reading The various hetinshc strategies that I have con^ 
siiiemd up tn now. such as means-ends analysis and stihi^oal lormation, 
are esiMfntially tnp^dt)wn kinds of proc esses A system using them iin^ 
poses a general plaiv developed in the course of pnor probletn^s^ilving 
experience, on the spetMfic stunnii ol t ^ prohlem at hand, and the 
stinuili presented are interpreted m ti^nus of ttus plan Similarly tlie 
ex|)err pliysics pn>blein solvers use rheir prior knowlprtge to reorgaiuiie 
the problem ttiat is given They are in<*re top-^*)wn solvers tha' .wre rlie 
noi^ices The loi'iis nw general inibleni-solvmg methods and on ttie 
dinn'ting rt>l»» of pnor knowletlge has lett researrli attetUton aw^ay fmin 
ttie role ol the stuniili and the problem setting itself m the solution 
pnN'ess 

Researcti cametf out some years ago in my own tal^oratory (Ma* 
^ i«me, 11)77) helps tf> clunfy the role of l^ottonvup or stunuliis-dnven 
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pmfeammg m proUem solvMf tm am sHwdt mMcvIs were asfcrd lo 
M>l9e one ol iie dlaisiic G^stM fmUom Trm ilniifi iiim wi|w wiiil 
MMe AftMcr ayvl m » roMi^ Md Hkt Mfapecl was aotoi lo Isr iMn 

alelf mMde so start HM if m» iM pomNr lo rexli bru. ol imi jl 

wiif mmm fxpA. hm% oftfotf M» IkmA llir stnug m): awcHonag 

iiLi#*oweiir»nwgaii<fiiwjiii 
m Koowwi <br oUfccrX Ttigte wgfr aw ofcyectt #P^ ri b t>ir im cowld be matd 
to heijp so#Mp ifce pnoMcMi Tliey vptfit dfeoMH so tfM C3cli one iciHtodI 
to a p a rC ki rfjr cfam ol soMirm. bm smwr covid be wd lor 

more Ita* Mr cIm AR siAyrrts bad to try to soNe tfir proMcn Mng 
eaelb ol ibr sn obfccis m mcttMmm 

NMlni^liwMKf were frvei» thai lended to evoi« eiCter to^-^oM or 
bo l to mi ay pM^ t m ei so M i m 5oim <>llfcendt>iCgt>iitti>esliBd|riwefe 
asbni *e i iftfiwrnimi to im ^le bnf ob|erl to solvr (ive profatem 
and to wr a specife cfarn ol soMion These mdt^txH leaded to ase 
Ifce same doM ol sototw m caer aad oaer oa sncccsarte objfects. joim- 
nraes ewa aJMff Ite ofb^iects ai <|Mte anasMal and iNKcvM ways ai order 
to sfay irM: Mbar p n tfcf>ed s o fc dlo n type AnoHker fnonp ol satipecti 
wwre jaap lf told to aae aft ol lUe obyecis These satfecH lypicatf 
pidbed ap fie ot^ts ai Hie order ai which Ihey Irf to hand and nfed 
eaclb ofefcci ai its amat charadenanc war^ They were, ai odier woadi. 
ohfecl-d^inaai and 0^ biMSonMip solvefs h o ol an erest to nole dial 
tte bottom ap solwen sncceeded m s oiun g die l ao t d em ai tjneatiiiy 
lOft pendent ol Aeir mes That a, ihey tend a way to ase every otprcf 
to ne me fwo slnay^ tofefher The tof^down solvers, by conlrasl. had 
a somevrhat fcowrer rale ol sncresa. They sonvetarss failed to see an 
ohaioaa vray ol asaif m obfecf becanse fhey were anem on try an to 
make if M Me> fhetr hv^-ikmn sohmon sfrafeff 



Over the decades, one ol i!^ mrMi proamalsse aad dMicuH qpesfaoaa 
facet! by paycltolopsis n the a a ia re ol tmeftgenre and the eaieni to 
which d can be ai od Ml ed thmiw^b jeacfann or other eammameaial in- 
ler^eanoan The pr e ^ aj a a descnpcvona ol research on reaioianf and 
prohlen» solraig learf qpme a a to ra dy to die i pe Jtwa i og w h e d ur feneral 
rea a ii na iy shiia can be laagfH and iih e# > ey Has aaf^n a nj a i i i i peoples 
yiaeral aMMy to feami These ip iest iiaia are try ao aasans new onea^ la 
one kmm or another, diey bnve a mf^j l Mf aofor branches ol psycho- 
Irifpral research aad dMM bodb pafc%otofrt» and d^ pahhc al brfr 
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(scr Cuvftt A GiMcr. I9M. for a ukIuI ducuman ol the Swslofy and 
pns^y^ status d rcsearcfi on inlclliftnco 

The «|natlon dial has prodiured dir most disscni. because it is so 
tied io social potjcy. is whtiher ddli rentes m vifellifence are mtientcd 
or are acqwed as a result of dMftrences mi eaipenence. Posed m \la% 
mqr. tiie (pmlion has no singfe am w ir , and it often evokes social and 
liofMicaf rather than scientific responses. The undcrstandmf of intelli- 
fence tiecomef nndi move tractaiile when one raises more pointed 
qneslions abont what constitutes mtellifence and how sctiools and 
other cdncational mslitutiom can licst respond to mdividual differ- 
ences These are q u c rti on s to winch current cu fnitive research on the 
mitne of reasonings proUan solving, and l ea mnig can snccessfulty re- 
in so doing, there are two tundamental wajrs aC thinking about 
mleiigence One n to treat mtdligrnce as somHhmg that children (or 
aduft icamersi brmg with them to an educational experience. In this 
WW. gitefiigfnce and aptitudes set Ifie range and titnits of Che te a ming 
that can be expected Thn view of mte H ige n ce can be held regvdtess 
of whe f tier one tieheves that jntilhgtiKC set by her e dity or formed 
hff expCTieni e Whatever ttie origins of minndual differences, bf the 
tme people present themselves for a particular le»on or course of 
study, particular aptitudes may d ct eimm e wliat kinds of l earn ing activ- 
Bties wifl be most successful, and established capabdities kir l earmng 
wii set boundaries on what can be expected in a given period of time. 
A large amount of recent research has centered on trying to identify 
itie cognttnre processes thai are i nvofvfjd in various kinds of intelligent 
perlfiTOiances^ Ttm kmywtedge. it is hoped, will provide the basis lor 
more ttle c livet y adapting mstruction and leacfiing to the mtellectual 
rafjacities and propemilies that peofrfe bring to school with tfiem. 

The second view of mtefligence and aptitude is that they are pro- 
cesses of ttiMriuns and reasoniiiglhat can lie formed liyinsti]^ This 
view need not miply a total nqectlon of a hcTcditary basis for individiial 
differences It only requires a belief that environmental factors, in- 
dudmg Histruction, can make some sigm^ant difference m subsequent 
aiwlMies to learn and reason. AMiioii^ the hope of nfiiii vi g mtelli- 
geiice and teanwng skills through deliberate cultivation of certain ways 
of ttMiknig IS an old one— wi tn ess a long history of programs for 
prwvmg memory, prolileresofviiig, arid other tearnmgabifa t ies— arid oiie 
that has often lieen disappomled, recent research on the nature of 
skiHed leamnig and pet to ii utue m many domam ts building a more 
scientiir Lkmes lor these efforts AJthoMgh a magic potion for curmg 
ladures m human learning and mteiiynce is hardly m the offing, cur* 
rent Ufw% nl mvestigirtion are nrtocusmg the issue in pmfitable ways, 
and there is rt mm fair reasonabfe optimism abnut eventual deveinp- 
ments that will extend tlie imuts of human lea r ning capacsties 
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Imelhg^ce Brouiihl to Scht^ffl AplUudeTreaimenl Inleractions 



If intdligencr and learning ability are viewed as capacities already 
Sormed in people before they enroli in an educational iirogram. wtiat 
education can best do is adapt to intelligence--lt)at is. provide forms 
of instruction that are optimally matched to ttie aptitudes the individual 
already has. Tte is a very old and honorable ambition of educakirs. 
although viewpoints on effective and appropriate ways of adapting to 
iodivichial differences have shifted over time in response to both polit* 
ical and social pressures on the educational system and to available 
psychological ttieory about the nature of individual differences. 

The first deliberate effort to adapt educational offerings to indi- 
vidual differences «vas made by separating (ije.. tracking) children into 
groups according to their diMerent ability levels. The gerieral idea sup- 
porting such practices «vas that people differed in the speed at %vhich 
they could learn and perhaps also m the higficst leveto of abstraction 
to %i^hich they could aspire. By grouping faster learners %nth faster and 
slower vrith slower, both poups could proceed at a pace suited to their 
natural abilities. This, it was proposed, ivould produce optimal*-but not 
necessarily et^ial— outcomes for each group. This theory of grouping 
and traddng was totally consonant %rith theories of intelligence and 
aptitude tfiat were dominant from ttie end of the I9th century tlirough 
at least the l92Qs. Intelligence %vas viewred as a largely fixed trait, hardly 
modifiable by experience, and as a unitary trait: genefai intelligence 
was what determined speed and ease of learning in all domains. Binet's 
intelligence test and its various offspring, some still in use today, are 
based on this view of intelligence, as are many of ttie landmark research 
studies on intelligence and school learning of the early part of this 
century (see Carroll. ISKC. for this history). 

Beginning in the ISIOs a more differentiated view of intelligence 
and mental aiiilities became predominant among psychologists, who 
had. through factor analysis and related techniques, identified a variety 
of dilferenuat apiiiudes in wtiich people might vary. The new viewpoint 
was that specific aptitudes, rather than general intelligence, were what 
suited pe^iMple for specific forms of learning and fob performance. Tliiis 
view of intelligence fit %vell ivith a new social and political mood that 
became dominant alter World War II. People began to question tlie 
suitability of an educational system that more or less permanently clas- 
sified children as either fast or slow learners and thus limited the pu- 
tf^ifial asipirations of those characterized as skmcr. Further, increasing 
sensitivity to ethnic and cultural variations in the American population 
beg 'o nroduce the view that recognizing different aptitudes and ap- 
proaches to learning, rather than emphasizing deficits in general intel- 
ligence, would be a more siutable way to optimize eiiucational out 
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amies i»\wf { 1977) i MM thin it shiH IriHii a selective theory of ed- 
ucalMMi lo an mhf9lit*e init 

The shift lo nn AclaiMlve tlieory ihIik ation and a more difleren* 
lialed coticepi ol apliliMir and iiMelhKeiM e lias prixluced a search for 
qualilalively diHerenI initriK iHNial trealiiienis dial would be optimally 
matched to learners with ddierent rlwiracteristics. Tlie result has been 
research on ap9i9uUe frrtiimffil ml9fmlum% (ATls). This research seeks 
situations in which a given iimtructHMial treatment produces different 
outcomes in people ol different aptitiNles Optimally, one would hope 
lor interaclioiis that aINiw one to clKNiae n treatment for each individual 
that will produce the hl||hest level ol |ierlormance possible in a domain, 
thus eliminating overall dllferences m performance. In fact, such ideal 
interactKNis are almnat tiever fiMifnl 

The most typical flmlliig m ATI research is one in which a single 
aptitude measure— scwne lorm ol a general intelligence measure^in- 
teracts with two broad clasies ol InstriKiioiial approaches. Highly struc- 
tured treatments (eg., careful tequeming ol instructional materials, 
required responding at specillml piHnts, teaclier control, and instruc- 
tions to process m a jiartk'iilar way ) rediKe the correlation bet%veen 
general intelligence and achievement, wliereas unstructured treatments 
(e.g.. much student control ol sHfiiem e and pace, "discovery-learning** 
conditions, and open-ended iKolileni siting) maintain a correlation 
that lavors high general intelligent e students. That is. low intelligence 
students do better under structured i iNiditiona. which are interpreted 
as reducing the burden iil inlorfnattiNi priM-essing lor the learner (Snow. 
1976). Many theories leg. (riNilMili, 1*170) suggest that high general 
intelligence students should do less well under these circumstances. 
Only a lew studies. Iiowever. sIhiw sim Ii a siiffpression. This may be due 
to the lact that the tests used to assess learning often do not permit 
high intelligence students to demonstrate the additional knowledge or 
skill that they have in lact acquired m the less*structured teaching 
conditions. 

It should not be surprising, ihi rellfction. that the ATI enterpnse 
as traditionally conducted luu not resulted m the kind ol strong basis 
for adapting instruction to aptitudes tliat had been sought. The near- 
total dependence in ATI research, until very recently, on standardized 
tests as n^ieasures ol intelligence and aptitude has meant that the re* 
search attempted to match aptitudes whose cliaracteristics were ill- 
linderstood to instructional treatments deliiied only in very global terms 
(structured versus unstructured, lor example). To break this logiam. 
and to discover whether there are in lact ways ol adapting instruction 
to specilic rather than general capacities lor learning, it is necessary to 
understand better %vhat mental processes are actually involved in ttie 
various traits called aptitudes, and ivhat kinds of processes are actually 
called upon in (he various instructKmal treatments In other words. 
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cogiiihve analyses of \xAh aptiUicles aiid inslruchonal treatments are 
required. 



Cognitive Analyses of Aptiiitdes 

Responding to this need, there lias been considerable effort in recent 
years to reanalyze the constructs of intelligence and aptitude in terms 
of cognitive processes and constructs (Friedman. Das. & O'Connor. 
1980; Resnick. 1976. Snow. Federico. & Montague, 198U. Sternberg & 
Detterman. 1979). Most of this new work began with traditional aptitude 
tests (for which there is a ciMisiderable validation history, based largely 
in factor-analytic research) and sought to redescribe these aptitudes in 
terms of current cognitive constructs and parameters. Pellegrino and 
Glaser (1979) have made a useful distinction between a cogniiive cor- 
reiaies approach and a cognitive components approach V the study of 
intelligence. The correlates approach uses an aptitude test as a criterion 
measure and seeks more elementary cognitive processes that are highly 
corre' ied v.ith the test criterion. The cognitive components approach 
uses the test items as tasks to be analyzed In a search for the component 
processes of test performance itself. 

Cognitive correlates of aptitude Much research is being done to 
identify basic cognitive processes that distinguish between high and 
low scorers on a particular aptitude test. The primitive processing pa- 
rameters for study are drawn from the mainstream of basic research 
on cognitive processes, especially memory processes. This line of re- 
search was initiated by Hunt (1978). wlio suggested that verbal perfor- 
mance requires both the specific verbal knowledge that is called upon 
by the task and the exercise of certain mechanistic processes by which 
information is manipulated. According to Hunt's theory, individuals with 
less efficient mechanistic processes have to work harder at learning 
tasks involving verbal information. Over time this liandicap pr<iduces 
relat vely large individual differaKes in verbal skill and knowledge. 

The theoretical argument is buttressed by data friHn studies tliat 
have investigated the relations between performance on laboratory in- 
forniation-processing tasks and scores on global measures of aptitude, 
such as IQ tests and college admissions tests. AltlMHigh early efforts 
(e g.. Hunt. Frost. & Lunnelxirg. 1973 ) were attempts to find ass<K'iatMHis 
with quantitative as well as verbal ability, the main findings have slu»wn 
correlations with tests of verbal aptitude or general mtelligeiue mea- 
sures that are heavily verbal in character. 

Tlie most robiist finding in this literature reveals differences in tite 
anuMint of time that various people need to access name ciKles m liHig- 
term memory. C(tde access time is inferred from the UHferriice lietween 
the time it takes a person lo decide wliether two stimuli that look 
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ilill<»rent have the same name and the hme il lakes the persiin to decide 
lhal two other sliiiuili are pliysically identical Fimt example, a siilijecl 
might lie shown a lowercase a and an uppercase ( different |)hysical 
form. Imm same name). On a siil>sequent trial, tlie siilifect might lie 
slM»wn two uppercase >4s (same physical form). Tlie subject wilf take 
liNiger to liecide that the pair of stimuli with different |>hy8iral forms 
nevertlieless lias the same name than to decide that the other |iair of 
slimiili lias the same form, llie longer time is needed to access tlie 
name code in memory, Tlie extent of the difference in the time rec|uired 
lor ttie iwo decisions correlates with verhal aptitude. Across a numher 
of studies, the time difference tends to increase as one moves from 
highly vertial university students to young adults mil in a university, lo 
normal elementary school children, and finally to mildly retarded 
school children (cf.. Bisanz. Danner. & Kesnick. 1979; Hunt. 1978). .Sev- 
eral other tasks, all requiring speed in particular kinds of micropro- 
cesses, have also lieen sluiwn to discriminate high and luvv scorers on 
verfial aptitude tests. 

All told, ttiere seems to be enntigh evidence of individual and age 
differences in primitive parameters of mental prcKessing to make plau- 
sible Hunt's notion that small differences in mechanistic processes 
ccHild cumulate over time to produce considerable differences in verbal 
skill and knowledge. It is important to iMite. iKiwever. that a large por* 
tton of the findings clearly asscKiating tliese parameters with individual 
differences comes from Hunt's own laboratory Wider replication is 
needed l>elore strtmg ccmclusicms alxiut specific associations are 
drawn. A recent summary and useful criti(|ue of this research appears 
in CcKiper and Regan ( 1982). 

CiPgmtiDe components of apMiuie Carroll ( 1976) and Simon ( 1976) 
first suggested the analysis of test items as cognitive tasks, and several 
research programs sulisequently focused (mi uncovering the processes 
that are rec|uired in actually performing tlie items in mtelligence and 
aptitude tests. Perliaps the most ambitious program m terms of the 
range of tasks studied is Sternberg's work on what he calls a "compo- 
nential analysis" of intelligence (1977a. 1977b. 1980). Sternberg s anal- 
yses begin with a specification of the components that are liypothesized 
to lie involved in tlie performance of a test item. Several models are 
then defined that differ in the components called on. the sequence of 
the components, tlie numlier of times each component needs to lie 
executed, and the manner of execution (e.g.. extiaustive or self-terini- 
iiatiiig searclies). Hiese imxiels permit predictions of reaction time and 
error fiatteriis uiuler varying conditions of stimulus structure and task 
jireseiilatioii 

Kinpirical tests of models generated for analogies, for example, 
liave identifiett a "liest fit*' incKtel and provided estimates of which pro- 
cesses almorlied iiMist of tlie prcKCSsing time For verlial analogies, en- 
coding of tlie Htinuilus terms acccHinted for abcMit lialf of the solutiim 
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lime, while :m percent ol llie linie was .s|)enl on .illrilmle compariscin 
operations. For t{eonielrir analogies, attribute comparisons (cNik longer. 
tx>th as a percentage ol total tinie (57 |)ercent) and in alisolute terms. 
Slemtierg has extended tlie analysis of analogies to children, making it 
possible to ch^rl developmental citanges m the varicHis ccnnponents. 
Tlie most important developmental otiservatiim lias l>een that children 
have a greater tendency to rely im asscK-iations lietwern tlie words in 
the analogy than to analyze all ol the relations 

Other research on analogies perlorinaiHe is largely in agreement 
with Sternberg's lindings on the importance of enccMling. Some of tlie 
studies have analyzed the enrcxling prcxess itself hfrtlier. with |>artic« 
iilar attention paid to wt!ich aspects ol the stimuli are eticodrd hir 
example. Mulholland. P^llegrino. and (ilaser ( lUKO) showi>^ tliat in geo* 
metric analogies, individuals analyze stimuli in a systematic serial 
manner, so that latency of responding is a function of lioth the nifmtier 
of elements that must l)e encoded and the number of transfonnatiiHis 
that must be performed on each element. They found a sharp increase 
in both reaction time and errors wtien multiple transformations on iniiU 
tiple stimuli had to be processed, suggesting that working memory lim* 
itations are important in analogy processing. For verbal analogies, 
studies by Pdlegrtno and Glaser ( 1980) and Sternberg ( 1977a. 19771m 
all show that individuals with high aptitude test scores specify uKire 
precisely he set ol semantic features that relate the word pairs in an 
analogy, and that the extra time they spend cki this process allows ttiem 
to spend less tune on subsequent decision and response processes. 

Other test-like tasks that have l^een subjected to similar analysis 
include series completion, syllogistic reasoning and transitive inference, 
spatial abilities tasks such as mental rotation and visual ciNnparison. 
blcx^k designs, and tasks from the Ravens Progressive Matrices test Not 
all ol this work has been explicitly oriented toward detecting individual 
differences. Instead, much lias hem iaspired liy the Piaget-generated 
debates over how and when various logical al)ilities develop in children, 
and over whether language or spatial representations are central (see 
Kesnick. 1981a lor a review). 

It seems likely that as efforts to understand perfonname on such 
tasks proceed, individual differences will liave to l)e considered if tlie 
data are to be sensibly interpreted. An interesting case in point is ( oop- 
er*s (I9H0) research on visual comparison, in which siibiects separate 
naturally into two quite different subgroups, one using a holistic and 
one an analytic comparison strategy. Tlie two strategies produced very 
different patterns ol latencies, and tlie groups responded in predictably 
dilferent ways to variations of task instrm lions and of stimuli. CiNiper 
.ind Regan ( I9H2) liave suggested tliat differences in preferred strategy 
for various (asks. verl)al as well as visual, may <iccount lor aptitudes 
even itnire stnmgly tlian across-the board differences in speed of liasic 
prcKesses. Tlieir discussion sii^iests ways in which correlational «uhI 
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nHnpcHienlial approaches lo the analysis ai apliliiile may have io In! 
joimd More really adequate Itieohes of the nature (if individual dil- 
Serences in test performance can be devHofied. 



Inlelligence Shaped hySchifol: Teaching Learning Skills 

II cine vie%vs inlelligence and aplilude as a set ol capacities thai are 
formed partly by instruction, one is led to pose t%vo questions. First, 
ivhat skills of learning are sufficiently pervasive and fjeneral (that is, 
not limited to specific subject matters or specific situations of appli- 
cation) that they warrant concerted attention as the goals of educa* 
tional programs? Second, how are these skdis acquired, and correla* 
tively. how might they be most directly taught? The search for general 
skills of learning has been a long one. and it has been pursued from 
many points of view. Before proceeding to a consideration of particular 
skills of learning and thetr acquisition, it is worth pausing to ask whether 
It is likely that such generalizable abilities exist at all. 

Skeplmsm about the existence of general ahiliiies There are two 
bodies of evidence, one okl and established, one quite recent, that must 
lead to skepticism toward the claim that cognitive abilities are really 
very general. The first set of evidence is the repeated failure, over de- 
cades of trying, to produce convincing demonstrations jf widespread 
transfer of learning from one domain to another. Ttie second is evidence 
of the central role of specific knu%vledge in intelligence performance 
and in learning. 

Tliere has been a recurrent view that certain school subfects wouM 
"discipline the mind** and should therefore be taught not so much for 
their inherent value as for their value in facilitating other learning. Latin 
was defended for many years in these terms: mathematics and formal 
logic are often so defended today. Most recently, learning to program 
computers has been offered as a way to develop general problem* 
solving and reasoning abilities, appropriate even when no computers 
are available or applicable to the situation at hand (Papert, lUHO), and 
a variety of courses and programs claiming lo teach reasoning and 
problem-si>lving abilities have been developed and promoted (see 
Segal. Chipman. & Glaser. in p^i^ss; Nickerson, Salter. Shepard. & Herm* 
sletn. liM4). This view of transfer from a particularly powerful or nodal 
knowledge has never been supported empirically. In the 1920s. Thorn- 
dike (1922) studied transfer among schcxil subject matters and found 
tlial it was always more efficient to study the subject of interest directly 
(English vocabulary, for example) than to study some other subject 
(Utin. for example) that "prepared" one's mind. Subse(|uent revie%vs of 
research on transfer of school subject matter have recoiilirmed TiMim* 
dike's finding, and there is as yet no empirical eviderRe of transfer to 
other activities from specific kinds of prolilem-s«ilviiig courses or from 
juming to program computers. 
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Rie woimI siHine oi eviitftire ihal weakens claims lor ^eniralizi'ci 
al)ilities is the resean h yieUlliig re|)eale(| (leiiiiinstratMiiis that s|>e< ilir 
knowleclije plays a tentral nile iii reasoiiinti. thiiikini{. aiiil leaniiiiij ol 
all kinds Several examples ill the nile iil specilic knowleclife have l>eeii 
developed in the course ol this essay For example, specilii kiiowledi^e 
about the hipic of a text dllects tlie prw esses ol laiiiiiiai{e roiii|)rHien- 
sion. and spetrihc. aripiircMJ scheniala underlie prohleni solviiig |)erfor- 
malices as vanerl as those in pnmary st hiMil anthmetic and ( ollei^e- 
level physics and p«illtical st fence Claser ( MW4) hinher des4'nl>ed ev- 
idence ol the nile ol ddinam siiecilic knnwiedge m a variety ol tasks 
thai have traditionally |)een viewed as indicators ol aptitude intelli- 
gence. 

Belief in the reality of tfenerai skills Despite the evidence that op- 
poses transler and ttiat fnvors the importance ol domain*s|)ecilic kiiowl* 
edge, there are some ec|ually cnni|)elliiig lactors that have stislained 
l^chologisls' beliel in the reality ol general competencies in learning. 
First, there is a pcisitive corretatmii lietweeii almost any tw<» cognitive 
performances that have ever licen measured, except when tests have 
l)een specilically designed not to correlate with IQ (as. for example, 
certain creativity tests). Tins positive iminifnid is the l)asis lor the fachir 
analytic traditicm in intelligence research: Fa< tor analysis uses |)attems 
ol covariance to infer what various tests may have m common, and thus 
what the basic dimensions ol human aptitiid* are. Tests that are posi- 
lively correlated— that is. that share vanance--also presiimalily share 
underlying pnuresses. Hie lact that most tests correlate p^isitively with 
each other, and that a general fachir can always l)e found il the statis- 
tical methods used do not insist on completely uncorrelated factors. 
siigf;ests that all tests have scnne pnnresses in common. These common 
processes are. presumably, general abilities. 

Second, when cognitive sc ientists do informalion prrM-essing anal- 
yses of complex skills, tfiey liml that the same kinds of liasic problem- 
solving priK-esses are used in (ask aher task. Several examples ol this 
have come up in the course of tins essay. For example, altlioiigfi the 
ongnial (;eneral Pniblem Solver ((;i»S). built to s<ilve symlMilic loijic 
pnibleniii. was not in fact very general in the range ol pniblenis it coiild 
solve, the kinds ol pnK-esses used by Gl^ appear over and over again 
111 simulaticms ol human |)erfomiaiices on complex tasks. For examjile. 
means-ends analysis, generate and- test routines, siihgoal formation, 
and other kinds of planning are used m tasks as varied as inventing 
buggy arithmetic routines, planning compositions, constnicting geom- 
etry proofs, and tmiibleshiNMing electrmnc devices. Tlie reaMiii that a 
single artificial intelligence program cannot solve a wide variety of 
problemi is apparently not that the fundamental priMesses it applies 
are widely different acn)ss domains. Imt rather that the pnigrain must 
apply these pnicesses to very specific, organized liodies ol knowledge. 
Each simulation must Imild in the relevant knowledge, and s<i it Ik?- 
O lies specilic to its knowledge \um (see f>ehn A Sihank. 15)82). 
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rhird. A vaneiy <il Imsir pnN*t»fifMfn him li .ui |H*m*ivtiii| siimiili. en* 
cdfUnil. <*l»tM»ityiiif|. uriirralmfj rwpiMiii*^. .iimI exiH iilmg n»»|>iMiiirs are 
quite obvicHisJy involved m a niimlier ol ililfereiil t iiijniiive peiinr- 
manres. These are Itie iMiildiiig WimH pru'enne!! oi iiiteltiifence aiid 
aptititcle ill :lie kind stiulied hy Hunt aiid other MiMlentn oi Ihe coijnilive 
correlatesi iil iiiteili((enre. Simhc yean aijo. Siiiumi ( IM7(5). ciwaidcnng 
what inlormatldn processing analyses ol vancHis tasks might suggest 
about tile nature ol intelligence, suggestetl Itial vef7 low-level conip<i* 
nents (such as the building bIcRks) and very high level ones (such as 
means-ends analysis and Uie like) are sliared atrotui many tasks and 
are therefore general abilities The specific kmiwledge varies fnwn task 
to taidi. however, pmduciiig the doniaiii-s|)ecifi« ity of cognitive abilities. 

Rnally. in siimc of the most recent and provocative work on the 
nature ol intelligence, an apparently common biniy of "executive" or 
sell-regulatory processes hav« been identified. Processes such as 
keeping track of one s owa understanding or knowledge, initiating re- 
view or rehearsal activities when needed, deliberately onfanizing ones 
attention and other resources in order to leam something, or planning 
a set of aiiions so as to meet goals within the limits of certain con- 
straints are all activities that have been shown to be characteristic of 
effective learners, good readers of texts, good writers, and strong 
problem solvers. These processes are relatively absent in younger or 
less intelligent individuals. These higiicr <irder or metacognitive skills, 
as they are often called, have become the object of an important recent 
line of research. 



Self Momlnnnq and Metacogmtmn 

Metacognition is surely one of the "boom'* fields of recent cognitive 
psychology Hie term metacogniiion is a relatively new one. whose field 
of reference has so exploded in just a few years that thoughtlul scholars 
(cf.. A. L Bmwn. Biansford. Ferrara. A Canipione. I9H3) are beginning 
to suggest that It be aliandimed as confusing, and that more spe«!ific 
terms s«uii as self monmnng and seif resiiiiaiion should l)e substituted. 
Tfie Imiad domain of metacognition includes (a) knowledge almut cog* 
mtion III general, (b) knowledge alMiiit ones own knowknlge or cogni- 
tive strategies, and (c) application of these two kinds tif knowledge to 

the plan g and execution of appropnate oiental activities in ieamiiig 

and pnil)leiii*solviiig situations. 

Several investigators have documented the fact that knowledge 
aiNNit rognitioii increases with age. and that idfler children are better 
able than yiHiiiger ones to desc*nl)e what one oiiifiu to do to remember 
s<iiiiettiiiii{^for example, how to remember to take one's skates to 
9i*h(N>l the next day Hiere is also a small iMuiy of evidence showing 
Q ' at y<Ninger cliildrKii and the "developiiientally yciung** (i.e.. ttie re- 
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lanted) are less able than older children to ass«3S when they h^Mie 
understood a message, vvhen they are ready kw a tesT, and the lilie. 
GMfivergent with thi^ set of findings is a l:ne ot research showing thai 
much of thedeficir of letarded people in simple learning tasks, surh as 
metnoriztfion, comes^ horn their taiiiNe to apply well-^aio«m sirafegies 
such a» rdiearsai or informaCinn of mnemonics. 

A number of studies have shown impressive gams m immediate 
performance on sudi taste by simply instructing individuals to reheari^ 
or to engage in verbal elaboration. In these studies, however, ttiere was 
almost coropleie ladr of transfer even in only slightly modifted tasks, 
lliis led to^ » search tor supeio^iiRfltf^ ( Bclmonr, ButterM^ * Fenet^ 
\9&l) or met^ogmtive skills (A. L Bmwn, mch m assessing 

one's own readiness for » tesT, ar^ortiomng study lime, or deadlng 
when tn use rehearsal, iiMgery. or seif-inrerrogaTion strategies ^lat 
mi^r promote general improvement Some modest successes haive 
been leponed; but not enough for cognitive scientists to be convinced 
yet hat even mild refaHdaiion can be oveicofne by traiiung in superor- 
dinat e skills of ttie loud studied ttiuB 1^. 

Mbst of ttie initial feseandi nn metaco^hve training focused o* 
memonaatioii nuks ttiat icquim very specialiKd Id^ 
that in^ have only » limited fonetion outskie of tlie laboratory and 
certain very specialised kimlft of sdmol leamingCe^. vocabulary lists). 
Recent lesearth on memory, showing the power of dtunbed and or- 
gani«i knowledj^ in eamendiiig memory power (Chi, 1979). calls int& 
question the extent to whidi stratepes for artificial memorizing are 
likely to be an optimal approacit to take evea in sin^ school leammg: 
A very recent shift toward the study of processes of self-<nntrol and 
self-regulation in more complex Inni^ of learning and performance, 
ranging from reading^ comprehension to writing compositions to 
learning new subfect-matter domains, others «k more promising per- 
spective on ttie development of learning abilities and ttie impnavement 
of 2 variety of learning competencies. 

Effects of reaprocai nsachmg. To lilushate this new perspective, I 
describe a recent training study which embodies many or itie ideas 
under consideration in ttie field The experiments were conducted by 
Palincsar and Brown ( witti middle school children who had es- 
tiemdy weak reading comprehension skills The children were divided 
into small groups, and with an adult each group engaged in a prrcess 
called "reciprocal teaching.** The chiklren took turns pnsing questions 
about and summarizing short tests ttiat ttiey read The ottier m e mb ers 
of the group commented on ttie quality of ttie queshons or summaries 
and tried to help formulate better questions or simimanes. Reripi^iral 
teaching sessions were conducted daily for several weeks. During tlie 
intervennon. there were daily assessments in which children indiwdu^ 
ally read passages and answered questions about Itiem. Assessments 
continued for several generalization daifs afher ttie intervention ended, 
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MidiffMiO fh^e wrre v»me t{mer^i/«Mi«»ii <wmI fr<«ir\lrr rrMs in ttte 

them fhe children wnrc nf>t *wi»rr ih«#( fhrsr frMH h*id .MvyThimf to d»> 
with the expenniml^ le^hin^ m wtm h thry fwxl (Mrficip^led 

I t'fMf^aim VKne priilfit r»l sr^mmils ^r«»ni rmprviral reachiru; 
i^'Uf )n!» with one nf the weaker readers m the Vmly In rhe*f <e«pnent$. 
niere is a very ^eaf shdt apparent m the rtuVf s ahdity ta pr«se ques- 
fMins lihtiuf the lexts At 6r%t the rtwltl rannm fiirmiiUte cfiieslifins at 
a^l and due* not even produce Ml sente.iren l>ter the c h#W « at)*e to 
r»;herem questions and by [Xiy IS m Ahle to iiirmiilate a sm^ 
question rtvat adc^esses the mam pvMnt ot the passa^ Rie pri»tnr(«< 
clearty stit>ws the role d the adi*tt m tlus prtiress At the tieftnntnf the 
reac her actually kirmiiiates the c|iiestif itis ^Mid the rhiid cfries little more 
than repeat ihem Later the adisl? provides pf»rtMins f»l tfie f|iiestinns. 
f)lten tt^ initial words ol a senteme tttat will proiliM e an appropriate 
question fty the end the ''hild has taken fwrer ttie nitire process Notice 



TaMe I 

Protocol CjirerpCs SlMwinf ^ Ac^mmH^m of Qiw^i^Aik'wig kf^ a 
Se«enrt^r«ra^ tedeat IC> Reciprocal TeacHwif 

0<iv / 

i>tr The water m4)rrasm. soinewtiai ftian ft^e copperhead, is 

trxind in rtie soiiftieasfem Mii^ fr lives in wampy re^>ns tt r)e- 
Umifs as di> alsfv ttie copperhead and the ratrfesnakn. to a ijnjap 
tt4 pt)is*)no«is snakes catted pK vipers They have pi^s between rhetr 
eyes and ttie*r nostnis whirh. becaiisr they are sensitive to hejt 
hHp rt^ snakes teil wiien rffiey are near a warm-bkmled animat 
Amiltier itame for ttie water inort tMin is Vononrnfitifh ' Fhts name 
(wmies irtm the white lining ol rtie sn^e's imntth 

< \A^liAt ks ffHifid in tt^ s«iittt)e;Mrem snake* M^* the nippefhead. 
rartlesnaiies vipers— ft^ haw* I tn mil tkrtnn rhis rn{hf 

T All ni^ht f>> y»m w;uit to )im»w cihtrnt fhe pit viprr'%* 
t Yfah 

r V^hrft wonlfl he ,% ifotift (|ttt*%rH»n ^titMif ftir vi^kts ftiat sr««rts w»rh 

file wtmi why*" 
{ I N*> fi»spoiise } 

r yUtw (WMNit Why arr rt^e \n,*k<\ « .♦Itrtl ^Mt vi^irr%' 

< Whv «fc> ttiev want to Inniw fti,*! ftiey ^rr » .>ilnl jut vi^w^rs* 
r Try It (M|«Mn 

Why rtiey pit vipers m 4 pit' 



r fk»w ^Mit Why do ttiey i 4II ftw Mu^e^ p«t wiprn*" 
< Why iki ftiey rail ttie snakes pit vipers* 
r riierr yon (itwid kw yim 
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iimf 7 

rnrk nu^myi hirri?<l upivwd iri pi«rt tiy ^ prruurr. Ihn 

nvam «* crarltt lo Itw crusUl r#icks #ir ««miUr ttmwt ijI 
nrMr<-fhr nu^m may tjrrak fnil «j| thr Jt thm Inmi 

fhr at» fava tjr sprws sJtyward as 4lm$.e clfM 
r H(iw does Jhe prf^sure Irrim brlf«w ^nh thr nri*\$ iil hi»f nw^k 

T .Nr4 <|uite Start ifVMur qunfmn with ^Kal rufipm wtim*' 
< haf)f»m *rtw the prraure fr#«ai ijrViw p* rdirs the him iiI 

hi4 rricfc a^amf rhr nfkefMn^;^ 

Tf irr VsentRfs aJso fome lo the- >juCh Pofc- to stiidv ffw sirangr lt|tMs 
fhaf i^jw fjwertheart diwi^ ihe Afkfarcfic nt^ ( h s a niM and krmHy 
••rjfld (or the irw hardy pnople who wmlrr Ihe pilar nH|ht > 
Thes*- ^vi^jrhem lnlhfi' arc cai2Sed hry the Farth attwng hfcr a 
ntt^n«f Ort Heclncal partartrs m ftie air Tliry are clun thai may 
hHp us imdpTiiand the Larth s core and the ufv^ rvt^ «,« its 
hlankef ol a«r 

C do srientisls cotne to tt*e ^inifh pn4e li» siiidv* 

T FjKHIent ^M^'^'^* Thai what ttws par«-^aph »s -til ^p«it 

Viie T - learhtfY f 44t*Viiff C hh«rW ^ Atf&jp«<n1 !r,«ii P«l«irvi# 4rw| i {'4»tt liv 

penMrMwM 

aho ttt^ the standards k>r vvttat the adult artepts as a i|iiesfifin 
from the cfuld keep chani;itKe, stiffer rer^uiremerits are applietl tiiw^d 
the end than in the hral days «i< the reriprfiraJ teartiini; 

Arcording to various measures tli:s prcM'ess f;reatS> aflerled 
reading coniprehensHtn Kigtire 9 shtiws increases in the percentage of 
assessment questions answereil < iirrertty hy several students during 
the vanotis phases ol the hrsi experiment Fr« m a preinterventirin base- 
line measurement fjl very Jew f|iM-stions answered riirrertly most o( 
the children mnwd up to aliinit an m percent correct response rate, 
and they remainrd fhere alter an H^wek hreak .Several control grfnips 
sho«#ed no increase ;n < orrec t avsessment responding during the same 
perHJcJ Figure h) shrms the effects «»l tlie training im tlie generalisation 
tasks in t^^AM cUssruotm /Xgain, tlie rrctprocaJ teactung etpenence 
was shfifwn to have a ptmerhil effect <jn c<imprehensi«in in a very dif- 
ferent phvswal sHting and uniler finite different measurement cimch- 
luins The experiment was replw ated utitler more orilmary st hoi>l etui- 
dilHms. as part ijf tfge regular iiMiriictMin «»ffereil r>y the tea< lier in 
^ "uling. Very similar results were fititaine<L 
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fipwr PttrceiK comet cm Ifee elmrooNik fmerabotKM* protes ol 
sciOKr antf MCial smittcs dasoes Hcprmlctf Arom f^t^sar amd Broww 



TheP^lincsaraMfiBroMsliidt^ succeM story 

in cdbraiiowgi intevwiticMi II aiao ttliAtralcs inany of the nMc» bemg 
sUttdied! in fiodli^ s weseanh om idMtomloraig and cofMiivr s«ralc|y 
lleamfK^ Fivsit,, iVir skiiOii m qpucsSion asfcmg and sunmaramf UmI th€ 
ctilkftm w dhe sitydy practiced are prDtaWsr no< directly called upim 
io skilled readUm^ The amtomatic luCure ol maof rcadmi cotupret^cf^- 
siM processes, the speed at wtiach read&nf proceeds, ar scquctil»al 
molim^ nnftr i< in vtaas^ uNcd readmy, 

peop4e aduaUy pose ipncstions or create summaries tor ihciwaeNe s 
Tbcre 19^ tl^mK oaif an tncftrcct relation betivcen the strategics latigN 
and wha( w% protubiy uavoiited m the cMdren s sul»ct|uenl reiatrvely 
sfciiled readmg pettormance. This indmct relation between strategies 
taiigM skiiled perllr>riii^ 
metacoi^iiliKre Ivaintng research. 

This iitses the t^Mcstion f>l how instruction that Incuses on o<irert^ 
se{l<onscio«s strategies that are not cf>mponents ol skilled perfi^- 
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fiwMH e imprijw process^ Ih^ prri^ess cfiiite aiii(inialirally. The 
aiMwrr sniiy lie in the larl that when readers itse $elf-f|iicsiinnnig and 
sumlar slralegies. they evofce priiressrs # if inlerence and interpretation 
ttiat eventually ewrfve into the autdmaled inlorniatKjffi processing char- 
actmstic of skdled readers This mwM me^ thai metacri^ntive strat- 
egies are better understand as aspects f 4 rofcmlnrr skill acquisition than 
as aspects of costive slull expertise With this assumption, researctiers 
iMJuld be less interested m identifying ccmpo^ienis of skilled perfor- 
mance^ and more interested in directly studying processes of learning. 
There is m fact a ffvmmg interest within cr^tnre science in the pro- 
cesses nl co^Nlnw acquisilion (see Anderson, 1U8I ) and some likHi* 
hfwid that Ihis will become a dommar' ccmrem in the next decade, 
lufYlier Imkmg developmental and experimental psycfiulogists (cf. A. L 
Brown etal^ I90>. 

Anfither possibility is that the stralegifs taught do not firomoie 
acvfunnng skilled processes so much as they activate or release capac- 
ities already available The relalive speed with which reading skill im- 
prrjwrd with recrprocal teaching suggests thai this may be at least par- 
tially the case As shown m Figure If). c<ir reii answers to assessment 
f^KslMins increased very quickly alter «jnly a lew sessNwis of reciprocal 
tearhing lor most of the students Very rapnl change in performance is 
afew* characteristic fif the memory strategy training studies menlKined 
earlier To the extent that strategy training releases rather than builds 
processing capability, one «rould expect this kind of instruction to be 
effective (jnly if ilie relevant cap^b'^*^ were already present. 

There is $«jme evidence that cei forms of met acogmlive training 
can arlually suppress performance, at least temporarily, if the kniml- 
edge or skilb necessary to use new infi»rrnalHin is not already present. 
S ardanialia and Parts ( in press) taught children to rec^ignue and iden- 
tify rrrlain rfietorical devices that are kiinfwn tfi aliecl Itie seit-moni- 
loring perkiriiiasice of skilled writers This training increased the stu- 
dents' use of these rhetoncal devnes in thetr %miten cimiposiiMin^ 
lli>wrt-rr, no improvement, and even sinne depressum in overall or- 
gaiil/atNin aiMl c f>lierence of the compfysitions resulted Scardamalia 
ami Pans attriliiited this to a hindamental strategy that rhiklren «ise Uh 
u>mpiKMng. fi«ie lliey call ^Imrytirledge telling** The strategy inv<ilves 
hllle |>lanning and tlie chikl writ*^ do*m in sefitieiicr everything lie or 
Mie thinks i»f relating to the topic Because lliere was no overall |>lan 
ntng. tlir chiklren couki not use tliese rheti>rMai ik^vu es to lorifi llie 
traiiirw«>rl( Uw a well-«irganized argument as aiiiiil writers wouki ilo 

A third inifxirtant point is that reciprm a) 1^ iu lung is a special lorm 
ol VNial interaction that may m lai l \tt cents * lo tlie ac(|uisilM»ii ol 
gmerali/rd cognitive skill Traditional vie%r; M llie way in which sot lal 
interai tnm afk-cis learning ^icus on tlie adult as pri»vHler new iiikir- 
i?iatM)n. as a modefer of correct perkirinance, and as a selective rem- 
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forcer ol children's tries at prcxtticing the perl<Nrmaiice. The reciprocal 
teactiing ot the Palincsar and Brcmn s!tidy was inspired by a different 
iriew ol social processes in learning that is attracting increased attention 
among cognithre psychologisis interested in the development of general 
cognilM competence. The Soviet psychologist V^sl^ ( 1978; see also 
Wertsch, 1978) lias argued that cognition tiegins in social situations in 
wtijch a diild shves responsibility for producing a complete perfor- 
mance with an adult. The child does wtuit he or she can. the adult the 
rest. In this way. practice on components (xrcurs in the context of the 
full performance. In naturally occurring interacti<ins of ihis kind, tlie 
adult will gradually increase expectations (»f how much of the full per- 
formance tlie child can be responsible for. 

It should be clear that tlie Palincsar and Brom experiments sfioukJ 
properly be regarded as more provocative than definitive. Their success 
in teaching a socially valuable skill, after many failures over the years. 
IS stimulating. However, cognithre scientists do not really know what 
component in the reciprocal teaching method actually produced the 
success. So many elements of instruction were combined that it is im- 
fKMsible to determine from this study alone which parts of the instruc- 
tion were essential. Further, it is not clear exactly ivhat was taught. It 
IS obvious that the children learned to ask questions and to summarize 
However, the true target skill was neither of these, but rather skillful 
leading comprehension, and it is not completely clear why practice in 
asking questions and summarizing should produce that skill 

None of this is said in the spirit of criticizing the Palincsar and 
Brown experiments, lather, it is said in order to emphasize that re- 
search on self-monitoring and metacognitive skills is at this time a 
highly promising but still largely unexplored domain It is attracting 
considerable attention because there is some broad theory that sug- 
gests that It ought to work, and because a few studies such as the one 
cited have produced some dramatic successes. However, considerable 
caution in interpretation and in expectations for the future is necessary 
or psychologists risk another round of enthusiastic faddism. 



Conclusion: Learning in the Future 

The examples of cognitive research oci learning and thinking developed 
in the course of this essay have been intended to Cf#nvey the sense of 
excitement and of «>pen possibilities that now pervade many branches 
of cognitive psychology A ma|or feature of current cfjgnitive research 
IS Its focus on complex forms i»f intellectual competefKre. This has the 
effect of making large segments of fundamental research more imme- 
diately relevant to questions of instruclio*; than has usually been the 
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case for psychological reiM*arch <ni learning. As a result, a new cognitive 
inslniclMNial psychology \% growing up as a special branch of cognitive 
psychology. 

The emergence ol instnicti(M» as an arena of concern lor cognitive 
psychology is helping to locus the lield's attention on questions of cog- 
nitive change Instructional psyclioli»gy seeks to formulate principles 
that can guide interventions <lesigi)ed to help people to learn. Ptople 
learn, however, even when tliey are not taught, and so instruction must 
be construed as interventions in a learner s ongoing processes of knowl- 
edge acquisition. To develop principles ol intervention, therefore, it is 
essential that we know what these acquisition prwesses are like. For 
this reason instructional psyctiology requires strong theories of the 
processes involved in cognitive change. 

For a considerable period of time cognitive psychologists had given 
up the long-standing interest of experimental psychologists in questions 
of how changes in performance and competence come about. During 
this period, cognitive psychology focused instead on building detailed 
descnptions of given stales of cognitive competence. Expert and novice 
states were often compared, but httle was dcme to explain how people 
might pass from one state to tlie ntlier This inattention to processes 
of change is ending In fact, the topic of learning is high on today's 
cognitive scieiH'e agenda and will pri»bably draw nrMire and niore at- 
tention in the next lew years 

Most cognitive retean h on learning up to now has been concerned 
with accounting lor changes in fierforntance skills — that is, for devel- 
oping speed and at t urai y In ilouig things like solving algebra equations 
or programming i onipnters .Some elegant and highly plausible theories 
ol Iniw early slates ol riKupeteiue are transformed in the course of 
practice iniw exist However, tliere has l>een little attention thus far to 
the question of Ih)w coiueptual kiH»wledge is acquired. Cognitive sci- 
entists can show luiw silieiiiata uifluence learning from texts, for ex- 
ample, but their models ol Ihiw tlie schemata themselves are learned 
are poorly developed. Tliis lacuna m knowledge is widely recognized 
among cognitive scientists and some are now beginning to turn their 
attention to questions associated with the acquisition processes of con- 
ceptual learning. Psychologists can fKobably expect a new generation 
of cognitive learning theories to emerge in the next lew years that will 
substantially modify the theoretical landscape. As this happens instruc- 
tional questions are likely to become even more visible and central in 
cognitive psychology. 
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